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ABSTRACT
The nail board test is an inexpensive technique used to measure the molten
steel surface velocity and profile of the molten steel surface in the continuous
casting of steel. Aluminum wires are often added to measure the liquid slag
layer depth as well.
This work investigates the accuracy of the nail board test used for mea-
surement of the liquid slag layer depth. In addition, a new methodology for
measuring the liquid slag layer depth is proposed, using just the steel nails
themselves without a second wire. This technique is based correlating the
temperature associated with the oxide colors observed during tempering on
the steel nail with their location along the nail. For this investigation, a
transient thermo-fluid model of the nail and wire dipping process has been
developed using ANSYS Fluent. In addition, the solidification of the molten
steel on the nail is studied through analytical solutions and a computational
model developed in ANSYS Fluent. The models are validated for many dif-
ferent trials using experimental data from nail and wire dipping tests in a
typical caster. The model is then run for steel, aluminum and copper nails
and wires taking the melting behavior into account and the expected differ-
ence between the measured and actual liquid slag layer thickness is evaluated.
A parametric study to understand the effect of slag consumption, casting
conditions and slag properties is also conducted to improve the proposed
methodology for different process conditions. For a nail dipping time of 3
s, a reasonable estimate of the liquid slag layer depth is given by taking
a fraction (∼ 50 %) of the measured distance from the steel lump to the
blue-purple color transition line (Liquid slag depth relative to the distance
to the blue-purple line ratio). Increasing the dipping time increases the nail
temperature and the distance to the transition, so the fraction of distance
for the measurement decreases to ∼ 40 % after 5s of dipping. Burning of
carbon in the mold powder leads to a higher powder-slag temperature and
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a deeper liquid slag layer. Changing slag consumption has little effect, but
changing the slag composition to increase the softening temperature causes
less melting, a thinner liquid slag layer, and a larger fraction (∼ 60%) of
distance for the new measurement method. The aluminum wire method for
liquid slag depth prediction is less reliable due to the variability of thermal
properties in the melted region associated with flow of molten slag dissipating
the molten metal. The copper wire method greatly under-predicts the liquid
slag depth due to its high melting temperature.
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CHAPTER 1
INTRODUCTION
The steel industry is the second largest industry in the world and forms the
backbone of economic development of any country. Steel is used in almost
every industry ranging from the energy sector to construction, automotive,
transportation and military.
The process of obtaining the finished steel product from iron ore is a com-
plex one and involves a number of steps as shown in Figure 1.1. The iron
ore is reduced to molten pig iron in a blast furnace and then converted to
molten steel in a basic oxygen furnace. Alternatively, the iron ore could also
be reduced to produce solid directly-reduced iron (sponge iron) which is then
converted to molten steel in an electric arc furnace [1]. The molten steel is
then refined before being cast into the desired shape.
Figure 1.1: Schematic of the steel making process [1]
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1.1 Continuous casting of steel
The continuous casting process is the most widely used method for steel
casting in the industry. According to an estimate from the year 2014, 98.5
% (86.9 million tonnes) of steel is cast using the continuous casting process
in the United States in comparison to 96.1 % (1591.3 million tonnes) on a
global level [2].
Continuous casting involves solidification of molten steel into a semi-finished
slab, billet or bloom, which is subsequently rolled in the finishing mills. A
schematic of the steel continuous casting process is shown in Figure 1.2. The
molten steel contained in the ladle flows into the tundish and enters the mold
through the submerged entry nozzle (SEN). The bifurcated ports of the SEN
direct the molten steel flow towards the narrow face mold walls and even-
tually upwards towards the meniscus region at the top surface as shown in
Figure 1.3.
Figure 1.2: Schematic of the continuous casting process of steel [3]
The mold consists of 4 copper plates with channels for cooling water flow
which extract heat from the superheated liquid steel to solidify against the
mold walls as a steel strand. The strand is pulled downwards at the casting
speed. The mold oscillates with a given oscillation frequency, stroke (twice
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the amplitude) and sometimes a modification ratio for a non-sinusoidal os-
cillation to prevent sticking. The strand is held by support rolls as it is
pulled below mold exit and heat is extracted from it by using water sprays.
The distance at which the strand solidifies completely is referred to as the
metallurgical length.
Figure 1.3: Schematic of the mold during the continuous casting process[3]
1.2 Powder-slag layer
Mold powder is added on top of the molten steel and consists of synthetic
slags constituting a mix of oxides, carbonaceous materials and minerals. The
main oxides include silica (SiO2), alumina (Al2O3), calcium oxide (CaO),sodium
oxide (Na2O) and magnesium oxide (MgO). Mould fluxes usually are made
up of about 70% CaO and SiO2, 0-6% MgO, 2-10% Al2O3, 2-10% Na2O,
0-10% F with varying additions of TiO2, ZrO2, B2O3, MnO and Li2O [4].
In addition, carbon in the form of graphite, carbon black or coke breeze is
added to control the melting rate and maintain a reducing atmosphere of
carbon monoxide to prevent oxidation of the steel surface. Also, the pres-
ence of carbon particles prevents the agglomeration of slag globules due to
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carbon particles being non-wetting to slag. This helps to control the melting
rate in the slag.
The powder addition is done by using manual methods or an automatic
feeder. Greater stability in maintaining the slag layer thickness is attained
using an automatic feeder. The powder added on top of the molten steel
heats up and loses some carbon on reaction with oxygen. Further, it melts
to form a sintered layer, eventually forming a liquid slag layer.
The powder-slag layer plays an important role in the continuous casting
process. It provides thermal insulation and prevents re-oxidation of steel.
Steel re-oxidation in the surface could lead to generation of oxides that could
be incorporated as inclusions into the molten steel or into the slag changing
its physical properties (Figure 1.3). It also controls the heat transfer in the
mold. The horizontal heat transfer has a significant effect on the surface
quality of the product. The control of vertical heat transfer prevents the
steel meniscus from freezing and helps to overcome defects such as pin-holes
and deep oscillation marks [5].
The liquid slag layer acts as a reservoir to supply liquid slag to the strand.
The liquid slag flows into the gap between the strand and the mold wall to
form a glassy solid slag film (2-4 mm thick) near the mold wall. A liquid
slag film is formed at higher temperatures near the strand typically 0.1 mm
thick, which lubricates the strand[4] as it moves down through the mold at
the casting speed. The liquid slag layer also helps to absorb molten steel
inclusions like Al2O3 and TiO2 in order to improve the cleanliness of the
steel.
The depth of the liquid slag layer is an important parameter in the con-
tinuous casting process. It influences the consumption of slag into the gap
between the mold and the shell and its effectiveness at lubrication. It is
generally accepted that the liquid pool depth should be deeper than the os-
cillation stroke to ensure good lubrication. A liquid slag depth greater than
10 mm is recommended [6] [7]. In addition, maintaining a thick liquid slag
layer reduces the formation of cracks in the steel slab as shown by the work
of Sardemann and Schrewe [8]. Thick liquid slag layers also prevent carbon
”pick-up” by the steel from the flux, as reported by Nakato et al [9].
The importance of the slag layer in the continuous casting process lead
researchers to model the top surface powder-slag layer using analytical and
computational models. Early study of the slag layer began with 1-D heat
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transfer models [10] [11] [12]. The one-dimensional heat conduction equation
was solved by Nakato and co-workers [10] to find that the liquid slag depth
increases with the square-root of time. Using a similar model Dehalle et
al [11] showed that further addition of powder did not have a significant
effect on the liquid slag layer thickness when the surface temperature was
kept below 800 ◦C. Nakano et al [12] further analyzed the slag melting by
considering different thermal properties in the powdered, sintered and liquid
slag by using a packing factor for the different regions. However, they did not
take the convection aspect into account. As a result, the thermal conductivity
had to be increased four to six times for a non-oscillating and oscillating case
respectively to match the steady state results.
Further, a detailed study of the fluid flow and heat transfer in the top-
surface flux layer was conducted by McDavid and Thomas [13] [14]. A tran-
sient 2-D steady state formulation was developed initially to investigate the
effect of fluid flow and convection on the depths of the layers developed. In
addition, a three-dimensional steady, coupled fluid flow and heat transfer in
the powder, liquid and re-solidified flux layers was simulated using the finite
element package, FIDAP. Temperature dependent properties were used for
the powder/slag. The model incorporated the effects of shear stresses im-
posed on the flux/steel interface by molten steel flow velocities. The flow
solution showed a single large re-circulation region whose depth increased
with increasing liquid slag conductivity and decreasing viscosity, due to in-
crease in heat transfer across the layer. This study also showed that the slag
consumption into the interfacial gap at the flux layer edges had little effect
on the flow pattern in most of the domain.
The effect of natural convection on the flow and heat transfer in the flux
layer was further studied by Zhao et al [15]. A model was developed in FLU-
ENT which computed the fluid flow and coupled heat transfer in the liquid
slag layer, accounting for the combined effects of natural convection, strongly
temperature dependent viscosity and bottom shear velocity. However, this
model did not take the effect of the meniscus behavior due to oscillation
into account. A detailed model of the transient thermal-flow in the meniscus
region during oscillation was developed by Jonayat and Thomas [16].
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1.3 Nail-Board Experiment
The nail board test is an inexpensive technique used to measure the molten
steel surface velocity and profile of the molten steel surface as pioneered by
Dauby et al [17]. The test is performed by attaching one or two rows of ∼10
steel nails along with wires on a long wooden board as shown in Figure 1.4.
The nails and wires are dipped straight down through the top surface powder
layers into the molten steel. A lump of steel is formed due to solidification
of the molten steel on the cold nail surface. The nail lump positions plotted
together can be used to observe the steel meniscus shape. The nails are
generally dipped for 3-4 s to prevent re-melting and solidification of the
lump formed. The direction of the flow on the steel top surface can be
determined by observing the high end of the lump formed as it represents
the instantaneous direction from which the steel flow impinges on the nail.
The height difference between the high and low ends of the lump can be used
to measure the surface velocity [18].
Figure 1.4: Photograph of the nail board after dipping (left) and a
schematic of the dipped nail and wire (right) [19] [14]
Aluminum wires are often added to the nail board test to measure the
liquid slag layer depth [17] [20]. The distance from the solidified lump on
the steel nail to the shortened (melted) end of the aluminum wire is mea-
sured as the molten slag layer thickness. This method assumes that the slow
rate of aluminum melting in the solid powder prevents the aluminum (melt-
ing temperature 660 ◦C) from melting beyond the liquid slag layer (melting
temperature 900-1200 ◦C). Alternatively, copper wires might be employed
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instead of aluminum.
1.4 Previous work
Nail board tests have been widely used to measure the molten steel surface
velocity and steel interface profiles. The velocities obtained from the nail
board tests have been further used to conduct parametric studies and under-
stand the flow in the molten steel [21] [22] [23]. Cukierski et al [24] studied
the effect of local electromagnetic braking by developing a model and vali-
dating the results by comparing with nail board measurements. Yuan et al
[25] developed an advanced computational model to study the turbulent flow
and particle motion in the caster and compared the velocity field with the
measurements obtained from the nail board test.
To further understand the nail board test and quantify the relationship
between steel surface velocity and shape of the solidified lump on each nail, a
finite-element CFD model of the nail dipping test was developed by Reitow
et al [26][27]. The model studied the multiphase flow of liquid steel past
a nail with a liquid slag layer on top by solving the mass and momentum
conservation equations with the k−model handling turbulence in the molten
steel phase. Effect of interfacial tension at the slag-steel interface, gravity
and the shape of two independent free-surfaces were considered. The model
predicted the interface shape and height difference across the nail for a given
bulk molten steel velocity beneath the surface. This helped to develop a
quantitative expression for the molten steel velocity based on the diameter
and height difference on the nail lump [26].
The correlation developed from the model calculations by Rietow and
Thomas [27] was validated by conducting plant experiments using two dif-
ferent methods to measure the surface velocities at the same time [28] [18].
Velocities were measured using the nail dipping test and Sub-meniscus Veloc-
ity Control (SVC) devices to confirm the correlation. Along with the surface
velocities, the free surface level profile was also measured from the solidified
lumps and compared with model predictions [29]. The trend of higher level
on the narrow face, and lowest level midway between the submerged entry
nozzle and narrow face agreed with previous work [25].
This method of molten steel velocity measurement using nail boards was
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used by several researchers to study the effect of electromagnetic braking on
the molten steel velocity. Thomas and Chaudhary [30] used model results
and measurements from the nail boards to optimize electromagnetic forces
and other casting parameters to stabilize the fluid flow in the mold. Singh et
al [31] studied the double-ruler electromagnetic field effect on the transient
flow in the caster by developing a large eddy simulation and comparing the
results with molten steel velocities from the nail board. The molten steel pro-
file was measured using the nail board test for the meniscus in the presence
of electromagnetic braking by Ji et al [32]. Further work on electromag-
netic braking and comparison between a Reynolds Averaged Navier-Stokes
(RANS) computational model and nail board measurements was done by
Cho et al [33][34].
Thus, nail board measurements have been used to quantify flow conditions
at the top surface, and to serve as a validation tool for computational flow
models.
1.5 Scope of this work
The objective of this study is to investigate the accuracy of the current
methods used for measurement of the liquid slag layer depth using nail or
wire dipping methods. This is done by conducting plant measurements of
nail wire dip tests, and developing a detailed thermal-fluid model of the slag
layers with a steel nail. An analysis of the lump solidification on the steel
nail is also conducted using analytical solutions and a computational model.
In addition, a new methodology for measuring the liquid slag layer depth is
proposed and evaluated, using just the steel nails themselves without a second
wire. The temperatures associated with the oxide colors observed during
tempering on the steel nail are investigated to develop the methodology.
For this purpose, a transient thermo-fluid model of the nail and wire dipping
process is developed. The dipping of aluminum and copper wires is simulated
to evaluate the expected difference between the measured and actual liquid
slag layer thickness. The effect of process conditions and slag properties on
the optimal dipping time is also investigated.
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CHAPTER 2
EXPERIMENTAL PROCEDURE
Nail and wire dipping trials were conducted for different caster conditions,
slag properties and dipping times. Instead of using a nail-board which has a
series of nails, a nail-wire holder was used for conducting the dipping trials
with a combination of an individual steel nail, an aluminum wire, and a
copper wire. The schematic of the apparatus used for the experiment is
shown in Figure 2.1.
Figure 2.1: Schematic of the Nail-Wire Dipping Experiment
The nail and wire holder included a flat plate with a hole that was held at
the top of the powder layer during the trial. The plate had a hollow cylinder
welded to it for holding the nail and wires. The nail and wires were joined
using tape and were kept in position using a screw. The total powder/slag
thickness was measured as the distance from the lump to the plate. The
distance between the nail and the wire was maintained to be ∼10mm. A
photograph of the steel nail along with the steel and aluminum wire is shown
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in Figure 2.2.
Figure 2.2: Photograph of steel nail along with steel and aluminum wires
dipped in the continuous caster for 5 s (Trial 103)
A total of 92 nail-wire combinations were dipped to investigate the effect
of nail dipping time, slag properties and casting conditions. Trials were
conducted with three types of mold powder. The steel grades for the three
powders were high strength low alloy (HSLA), ultra low carbon and medium
carbon steel.
The dips were accomplished through four trial sessions. The first trial
included 12 nail-wire dips for different dipping times (3, 4, 5 and 8 s) with
a steel wire attached to 6 nails, an aluminum wire attached to all nails and
a copper wire attached to only 2 nails. This trial was conducted for the slag
used for HSLA steel grade and was used to study the effect of dipping time.
The second trial session included dipping of 50 nail-wire combinations for
a constant 3 s dipping time each for the same slag (HSLA steel grade). Eight
combinations with all three wires and a steel nail, 17 dips with only an
aluminum wire, and a steel nail, 8 dips with an aluminum wire, a copper
wire and a steel nail and 17 dips with a steel wire, an aluminum wire and a
steel nail were conducted as part of this trial. This trial was conducted to
study the melting behavior of the wires for the same dipping time.
The third and fourth trial sessions were conducted for slag with ultra low
carbon steel and medium carbon steel respectively to study the effect on the
steel nail due to different slag properties. Fifteen steel nails without any
wires were dipped for each trial with the dips being done for dipping times of
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2, 3, 4, 5 and 8 s. Also, an optical pyrometer was used to measure the powder
surface temperature during the trial. In addition, manual powder feeding was
done during this trial to study the effect of transient powder-slag behavior
on surface temperature and powder-slag layer thickness evolution.
The casting conditions, the characteristics of each dipping trial and nail
numbers are shown in Appendix A.
2.1 Measurements using steel nail
The dipping of the cold nail in the caster results in a solidified lump of steel
forming on the nail. The flow in the molten steel leads to a high and a low
end on the lump. The high end is developed where the molten steel flow
directly impinges on the nail. The high and low end are referred to as the
top and bottom of the nail lump respectively.
2.1.1 Total powder/slag layer thickness
Total powder/slag layer thickness was measured in two different ways, ac-
cording to the 2 holder geometries employed. For the nail numbers 101-112,
601-615 and 701-715 (Appendix A), the nail-wire combination was inserted
in the holder such that the top end of the cylinder coincided with the top
end of the holder. The distance from the holder top to the plate (holder
length) was measured to be 56 mm. During the trial, the holder plate was
held at the powder top surface. Thus, to measure the total powder-slag layer
thickness, the distance was measured from the cylinder top to the nail lump
and the holder length (56 mm) was subtracted from the measured value. The
average total powder-slag layer thickness was calculated by taking the mean
of the two measured distances from the top and bottom of the nail lump.
For the remaining nails, the nail-wire combination was inserted such that
the end of the tape (which held the wires and nail together) coincided with
the plate. Thus, the total powder-slag thickness was measured from the end
of the tape to the nail lump.
The measured total powder-slag layer thickness is plotted with the cast
length in Figure 2.3. The measured thickness varies from as low as ∼ 25 mm
to as high as ∼ 60 mm during the dipping trial. This variation can be used to
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determine the amount of powder added by the feeder during the trial. Since
the trial was conducted at a constant casting speed (1.4 m/min), the cast
length can be used to calculate the time between successive nail dips.
Figure 2.3: Measured total powder slag layer thickness variation with cast
length for trial for slag with HSLA steel grade
2.1.2 Shell thickness measurements
The radial distance from the nail surface to the lump outer surface was
measured at the top and bottom of the nail lump (shell thicknesses) for nails
101-112 as shown in Figure 2.4 (Table B.8).
From the measurements, it can be observed that the shell thickness is
greater at the bottom of the lump in comparison to the top of the lump
(except for nail no. 112). This can be explained by the molten steel flow
which impacts the nails forming the height difference on the lump. The
location where the flow impinges on the nail has a lower shell thickness as
the molten steel that impacts the nail rises upward or flows around the nail
due to a smaller boundary layer thickness. On the other side of the nail,
the increase in molten steel accumulation in the wake of the nail results in a
greater shell thickness. The nail 112 could have the inverse effect due to the
nail being dipped for 8 s, that could have lead to melting and re-solidification
of the lump.
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Figure 2.4: Measured shell thicknesses on steel nail lump for nails 101-112
The measured thicknesses range from 1-3 mm with a maximum difference
between the two shell thicknesses as 1.6 mm. For comparison with the pre-
dicted shell thicknesses, the average of the two measured values can be used
as a reasonable approximation.
2.1.3 Tempering colors on the steel nail
The steel nail exhibits different colors, as shown in Figure 2.2. The locations
of the color bands depend on the temperature attained during the tempering
heat treatment experienced during the dipping trial. The color variation
with temperature observed on the steel nail during tempering is shown in
Figure 2.5. For temperatures above 427 ◦C, steel atoms radiate photons
producing incandescent colors, which turn back to grey after the nail cools
down. On the other hand, at temperatures below 427 ◦C, the heating of
the steel produces an oxide layer on the surface, which has different colors
according to the maximum temperature attained. These colors are visible
after the steel has cooled down, and were used to determine the temperature
profile along the nail during the dipping test.
Because particular color bands extend for different distances along the
nail, the transition between colors was used for the measurements. It can
13
Figure 2.5: Colors observed on steel during tempering at different
temperatures
be seen from the nail photograph in Figure 2.6 that the dominant colors are
grey, blue, purple and brown. Three distinct color transitions were chosen to
document the nail color locations in this work: grey to blue, blue to purple
and purple to brown, which correspond to 365 ◦C (638 K), 292 ◦C (565 K)
and 260 ◦C (533 K) respectively.
Figure 2.6: Color bands on a steel nail with measured distances [35]
The measured distances to the color transitions along with the total powder-
slag layer thickness are plotted for the trials in Figure 2.7 and 2.8. The mea-
sured distances for the steel nails in all the trials are tabulated in Appendix
B.
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Figure 2.7: Measured distances on the steel nails for nail numbers 101-112,
201-208, 301-317, 401-408 and 501-517 for the slag used for HSLA steel
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Figure 2.8: Measured distances on the steel nails for nail numbers 601-615
(ultra-low carbon steel slag) and 701-715 (medium carbon steel slag)
2.2 Powder surface temperature measurement
In addition to measuring the distances of the different nail colors and pow-
der thickness, the surface temperature of the powder layer was measured
periodically with an optical pyrometer.
For the slag used for HSLA steel grade, the powder surface temperature for
a 55 mm total powder-slag layer thickness was measured to be in the range of
300-325 ◦C. For lower total slag layer thicknesses, the surface temperatures
were assumed to be greater than 325 ◦C. The basis for this assumption was
that the powder top surface was always dark i.e. did not glow red, suggest-
ing the temperature was always below 500 ◦C. From the measurements, 30
mm was the smallest total powder-slag layer thickness. As a result, it was
assumed that the powder surface temperature for a 30 mm thickness was 500
◦C. Knowing that the 55 mm thickness had a surface temperature of 585 K
(312 ◦C) from measurements, a linear interpolation of the temperature gave
a 40 ◦C increase with a 5 mm decrease in slag thickness.
For Trials 601-615 and Trials 701-715, the powder surface temperature
was measured using an optical pyrometer during the dipping trial. The
powder surface temperature along with the measured total powder slag layer
thickness variation with the cast length for slag used with ultra low carbon
steel (Trial 601-615) is shown in Figure 2.9. The average powder surface
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temperature measured was 181.8 ◦C (454.8 K) for an average total powder
slag layer thickness of 39.2 mm.
Figure 2.9: Powder surface temperature and measured total powder slag
layer thickness variation with cast length for Trials 601-615 (Ultra low
carbon steel)
The powder surface temperature along with the measured total powder
slag layer thickness variation with the cast length for slag used with medium
carbon steel (Trial 701-715) is shown in Figure 2.10. It can be seen that
the powder surface temperatures are greater in comparison to the ultra-low
carbon steel. This could be due to the increased carbon percent as compared
to the ultra low carbon steel slag. During the trial, it was observed that for
the medium carbon steel, slag flaming was seen at the powder top surface.
As a result, some temperatures measured using the pyrometer were as high
as 540 ◦C. From the powder surface temperature variation in Figure 2.10, it
can be seen that the high temperature points due to flaming do not lie on the
estimated powder surface temperature plot. As a result for analysis, these
temperatures have not been considered in computing the average powder
surface temperature. It was observed that these temperature were greater
than 450 ◦C. The average powder surface temperature measured was 291.2
◦C (569.2 K) for an average total powder slag layer thickness of 35.9 mm
(from the measurements from the 15 nail dips).
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Figure 2.10: Powder surface temperature and measured total powder slag
layer thickness variation with cast length for Trials 701-715 (Medium
carbon steel)
It can be seen from the figures that each powder addition resulted in an
increase in the total powder slag layer thickness and a sudden decrease in
the powder surface temperature. With time over the next few minutes, the
powder thickness drops, while the surface temperature rises. The average
time between powder additions was 3.5 minutes.
2.3 Measurements using aluminum and copper wire
Aluminum, copper and steel wires were attached to the steel nail using tape
and were ∼10 mm from the nail for 62 nail-wire dips conducted with slag used
for HSLA steel grade (Appendix B). On dipping the wires, the aluminum and
copper wires melted while a small solidified steel lump was formed on the
steel wire.
The liquid slag depth predicted from the wire could be measured in differ-
ent ways. This would be based on the distance measured to the aluminum
wire from the steel-slag interface. The three methods considered for mea-
surement are as follows:
18
Method 1: The average steel-slag interface is determined by taking the
average of the top and bottom of the lump on the steel nail. The distance
measured from the tip of the aluminum wire to this interface gives the mea-
surement value. The distance measured is parallel to the nail i.e. in the
direction of gravity.
Method 2: Similar to method 1, the distance is measured from the average
steel-slag interface on the nail lump. The distance is measured parallel to
the nail from the point on the aluminum wire where its diameter starts to
reduce.
Method 3: The steel-slag interface for this method is determined using
the lumps formed on both the steel nail and wire. A straight line is drawn
between the two lumps which acts as an estimate of the average steel-slag
interface. The distance to the tip of the aluminum wire is measured perpen-
dicular to this average interface.
The distances measured along the nail and wires for the different measure-
ment methods are shown in Figure 2.11. The measured liquid slag depth for
the aluminum wires using the three methods is plotted in Figure 2.12 with
the details tabulated in Appendix C.
Figure 2.11: Measurement methods using Aluminum wire for Nail 205
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Figure 2.12: Measured liquid slag depth using different methods for
Aluminum wires
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A significant variation in the measured liquid slag depths using the three
measurement methods can be seen. The measured liquid slag depth varies
from a high value of ∼ 20 mm using method 1 to a low value of ∼ 5 mm
using method 3 (Nail 504) for the same process conditions. For the trial
conducted, the measurements using the same method (method 1) vary from
as high as 25 mm (Nail 304) to as low as 5 mm (Nail 314). This variation
in the measurement using the same method could be due to a difference
in the melting behavior of the aluminum wire. A greater liquid slag depth
would be predicted for a higher melting rate caused by the presence of high
conductivity metal in the melted region.
In general, deeper liquid slag depths are measured using method 2 in com-
parison to the other two methods while method 3 measures lower liquid slag
depths. The measurements using the copper wire are tabulated in Table C.6
in Appendix C. The measured liquid slag depths using the copper wire are
lower in comparison to the aluminum wire for the same dip, due to the higher
melting temperature of the copper.
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CHAPTER 3
COMPUTATIONAL MODEL
3.1 Governing equations
An axisymmetric transient thermo-fluid model is developed in ANSYS Flu-
ent to simulate the nail dipping experiment. The model solves the energy
equation. The generalized form of the energy equation is given by:
ρCP
∂T
∂t
+ ρCp~∇.(~vT ) = ~∇.(k∇T ) (3.1)
The energy equation in cylindrical coordinates is given by:
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∂T
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+ vr
∂T
∂r
+
vφ
r
∂T
∂φ
+ vz
∂T
∂z
) =
1
r
∂
∂r
(kr
∂T
∂r
) +
1
r2
∂
∂φ
(k
∂T
∂φ
) +
∂
∂z
(k
∂T
∂z
)
(3.2)
Since the model is axisymmetric, there is no variation in the azimuthal
direction leading to the following equation:
ρCP (
∂T
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+ vr
∂T
∂r
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∂T
∂z
) =
1
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∂
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∂T
∂r
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(k
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) (3.3)
The flow in the powder-slag is taken into account through a downward
axial velocity (vz). No radial velocity component is considered in the slag.
As a result, the effective energy equation solved in the model is:
ρCP (
∂T
∂t
+ vz
∂T
∂z
) =
1
r
∂
∂r
(kr
∂T
∂r
) +
∂
∂z
(k
∂T
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) (3.4)
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3.2 Model domain and boundary conditions
Figure 3.1 shows the axisymmetric model domain, which contains a solid
region and two fluid regions. The two fluid regions are the added powder
and the slag layer. The slag layer consists of the powder, sintered and the
liquid slag layer while the added powder region only consists of the powder.
The powder, sintered and the liquid slag layer move downward with a velocity
vz. Thus, for simplicity, this model treats the powder addition to the top
surface as a continuous process, and neglects the effect of the intermittent
additions. The solid region consists of the stationary steel nail with a 3 mm
radius.
Figure 3.1: Schematic of model domain, mesh and boundary conditions
For the domain shown, the total powder-slag layer thickness is 50 mm
with the added powder thickness being 10 mm. The fluid domain length was
chosen to be 60 mm such that the boundary does not influence the coupled
heat transfer between the nail and the slag layer. The nail length dipped
in the molten steel is considered to be 30 mm based on approximate size of
the lumps observed from the experiment. The geometry was meshed such
that the elements at the interface between the solid nail and slag were finer
in comparison to elements away from the interface. The minimum element
length was 0.1 mm (near the interface) while the maximum element length
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was 0.5 mm (in the slag layer).
A constant temperature 1550 ◦C (1823 K) was defined on the bottom
boundary of the slag and the nail to incorporate the effect of the molten
steel. The interface between the nail and slag layers (fluid and solid regions)
was defined as a coupled boundary with the slag/powder that contacts the
nail equal to the temperature of the corresponding nail surface. The nail
center-line is the domain axis while the boundary cutting across the top of
the nail is adiabatic. The left boundary in the slag layer is also adiabatic.
The interface between the added powder and the slag layer was defined as
a coupled boundary. The powder surface temperature was obtained using
pyrometer measurements.
The top surface of the fluid region was provided with a convection bound-
ary condition with an ambient temperature of 300 K. The heat transfer co-
efficient was obtained such that the powder surface temperature matched
the pyrometer measurements. The heat transfer coefficient obtained is low
(2 − 4W/m2K) in comparison to a heated surface at the same tempera-
ture. This is due to cold powder at ambient temperature being added to
the powder-slag layer. The heat transfer coefficient for a 50 mm thick to-
tal powder-slag layer for simulation conditions of Trial 501 (Table D.1) was
3.3W/m2K to ensure a surface temperature of 352 ◦C (625 K). For other sim-
ulations, the different temperature and heat transfer boundary conditions on
the powder surface are shown in Table D.1.
To simulate a domain with a wire, the only difference is to decrease the
width of the solid region from 3 to 0.8 mm (wire diameter = 1.6 mm).
3.3 Material properties
3.3.1 Slag properties
In the fluid region, the mold powder and slag properties vary significantly
with composition and temperature. Also, the entrapment of particles from
the molten steel such as alumina have a significant effect on the slag proper-
ties [36].
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Slag used for HSLA steel grade: The solidification temperature of the
slag used for HSLA steel grade was measured to be 1125 ◦C with a softening
point temperature of 1020 ◦C. As a result, the sintered temperature range
considered for the simulation is 1027 ◦C 1127 ◦C. A constant slag density of
2600 kg/m3 is used.
The thermal conductivity and specific heat are shown in Figure 3.2. The
thermal conductivity is defined for the melting of the powder [13]. The pow-
der has a low thermal conductivity of 0.5 W/m K at room temperature due
to the presence of air between the powder particles. With increasing temper-
ature, the powder thermal conductivity increases due to the disappearance
of the air. When the powder coalesces in the thin sinter layer, the ther-
mal conductivity has a significant jump and reaches 2 W/m K. The liquid
slag thermal conductivity increases to 3 W/m K at 1550 ◦C, as the effect
of convection in the liquid pool and radiation become significant at higher
temperatures, and locations near the molten steel. The slag specific heat
shows a significant increase at the glass transition temperature due to the
enthalpy of transition between the liquid slag and solid [37].
Figure 3.2: Temperature-dependent powder / slag thermal conductivity
and specific heat for slag used for HSLA steel grade
Another effect that could affect the powder properties is the burning of
carbon in the powder.
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Slag properties with carbon burning: The carbon present in the mold
powder burns to form carbon monoxide which further forms carbon dioxide
on combustion. This reaction is an exothermic reaction resulting in volumet-
ric heat generation, which tends to increase the powder temperature faster.
To simulate this effect, the specific heat of the powder can be lowered.
The heat of combustion for complete burning of carbon is 32.8 MJ/kg
[38]. The powder slag used for HSLA steel contains 2.8% carbon. As a
result, the energy released in burning would be 32.8MJ/kgK × 2.8%C =
0.91MJ/kg. Some of the carbon does not burn immediately, but accumulates
in the sintered layer floating above the liquid slag. Assuming that half of the
carbon present in the powder burned between a temperature range of 600-
1300 K, the specific heat with carbon combustion, CpB can be calculated as
follows:
CpB = Cpo − 0.5× 0.91MJ/kg
(1300− 600)K (3.5)
where Cpo is the specific heat without carbon burning (1050 J/kg K). As a
result, the lowered specific heat in the powder calculated is 400 J/kg K. The
temperature dependent specific heat with and without burning of carbon is
shown in Figure 3.3.
Figure 3.3: Temperature dependent specific heat with and without burning
of carbon for slag used for HSLA steel grade
For validation of the model, the effect of carbon burning is not considered.
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Slag used for ultra-low carbon and medium carbon steel: The tem-
perature dependent thermal conductivity and specific heat for slag used for
ultra-low carbon and medium carbon steel are shown in Figure 3.4.
The slag used for ultra-low carbon steel has a softening point temperature
of 1095 ◦C (1368 K) and solidification temperature of 1125 ◦C (1398 K). As a
result, the sintered temperature range for this slag is 1368-1398 K. Similar to
the slag used for HSLA steel, the thermal conductivity is 0.5 W/m K at 300
K and linearly increases to 0.8 W/m K at the softening point. A significant
jump in conductivity to 2 W/m K is considered in the sintered region with
a linear increase in the liquid slag to 3 W/m K at 1823 K. The specific heat
also follows the same trend as the slag used for HSLA steel with a constant
powder specific heat of 1050 J/kg K increasing to 3500 J/kg K in the sintered
layer and decreasing to 3000 J/kg K in the liquid slag.
The slag used for medium carbon steel has a softening point temperature
of 920 ◦C (1193 K) and solidification temperature of 1075 ◦C (1348 K). The
thermal properties follow the same trend as the previous two slags considered.
The medium carbon steel slag has a greater mushy zone in comparison to
the other two slags. Also, the medium carbon steel slag has a lower melting
temperature (1348 K) in comparison to the other two slags (∼ 1400 K).
Figure 3.4: Temperature dependent thermal conductivity and specific heat
for slag used for ultra-low carbon steel (left) and medium carbon steel
(right)
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3.3.2 Metal properties
The solid steel, aluminum and copper properties used in the simulations is
shown in Table 3.1.
Table 3.1: Material properties for steel, aluminum and copper
Property Steel Aluminum Copper Unit
Density 7600 2719 8940 kg/m3
Specific Heat 490 871 390 J/kgK
Thermal conductivity 33 202.4 400 W/mK
Melting temperature 1823 (1550) 933 (660) 1358 (1085) K(◦C)
3.4 Slag consumption measurement and calculation
The flow in the powder / slag due to the slag consumption is taken into
account through a downward axial velocity, vz. The flow in the actual caster
would be a downward movement of the powder as it is consumed and melts
to form the liquid slag layer. The flow in the liquid slag layer would be a
combination of convection cells formed due to the buoyancy effect and a flow
towards the mold walls [14].
The slag consumption from the plant data is obtained from the number
of bags of powder consumed per hour. The slag consumption, Qt (kg/s) is
determined using the following relation:
Qt =
Nb ×Wb
τ
(3.6)
where Nb is the number of bags consumed in time τ (typically 1 hour) and
Wb is the weight of the bag (typically 22 lbs or ∼10 kg).
The slag consumption per unit of strand surface area, Q (kg/m2) is calcu-
lated using the casting speed and the mold perimeter as follows:
Q =
Qt
2(t+ w)vc
(3.7)
where t is the average mold thickness, w is the mold width and vc is the
casting speed.
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Using Q (kg/m2), the experimental slag consumption per unit length per
cycle,qc (kg/m-cycle) is determined using the following relation:
qc = Q
vc
f
(3.8)
where vc is the casting speed and f is the oscillation frequency.
The slag consumption per unit length per unit cycle can also be calculated
using an empirical relation developed by Shin et al [39] (Shin equation) based
on the oscillation mark consumption and lubrication consumption given by:
qOM = 2.5× 10−2 × ρslag × k1.43e × t0.389n × v−1.49c (
√
2∆γ
∆ρg
)0.556 (3.9)
qlub = 0.507× e3.59×tp (3.10)
qc = qOM + qlub (3.11)
where tp and tn are the positive and negative strip times respectively,∆ρ
is the density difference between the liquid slag and steel (kg/m3),∆γ is the
surface tension between the liquid slag and steel (N/m), g is the acceleration
due to gravity and ke is an empirical constant that depends on the powder
properties. qOM and qlub are the consumption due to the oscillation mark and
lubrication respectively with units of g/m-cycle. The negative and positive
strip times are calculated using the following equations [40]:
tn =
1
pif
cos−1 (
vc
pisf
) (3.12)
tp = T − tn (3.13)
where s is the oscillation stroke and T is the total cycle time.
The downward axial velocity, vz is calculated from the total slag consump-
tion per second (Qt) using the slab geometry and slag density. The relations
for the conversion of the total slag consumption per unit length per cycle (qc)
to total slag consumption per second and axial velocity are as follows:
qs = qc × f (3.14)
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Qt = qs × 2(t+ w) (3.15)
vz =
Qt
ρslagtw
(3.16)
where w and t are slab width and thickness respectively and qs is the total
slag consumption per unit length per unit time (g/m-s).
The downward axial velocity vz can be determined directly from the con-
sumption per unit of strand surface area Q, using the following equation:
vz =
2Qvc(t+ w)
ρtw
(3.17)
For calculating the slag consumption, measurements of the consumption
variation with casting speed are known as shown in Figure 3.5. Based on
the measured values, the Shin equation [39] has been plotted as a function
of the casting speed. The empirical constant ke for the powder (HSLA steel
grade) was chosen to be 17.8 based on the curve that best fits the measured
consumption data.
Figure 3.5: Comparison of measurements and the Shin equation for slag
consumption variation with casting speed
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The parameters used for evaluating consumption in the Shin equation and
are constant across all trials are shown in Table 3.2. Table 3.3 lists the
parameters and the calculated consumptions for the different trial casting
conditions. For example, the slag consumption (qs) for Trial 501 for a casting
speed of 1.4 m/min is calculated to be 5.85 g/m-s.
Table 3.2: Parameters used for slag consumption calculation (constant
across all trials)
Parameter Value
Slag density (ρslag) 2600kg/m
3
Density difference between slag and steel (∆ρ) 4527kg/m3
Surface tension between the liquid slag and steel (∆γ) 1.3N/m
Oscillation stroke (s) 7 mm
Slab thickness (t) 0.22m
Table 3.3: Parameters used for consumption calculation for different trials
and the corresponding calculated values
Trial No. Steel grade
(ke)
Casting
Speed,
vc
Slab
Width,
w
Slag
consump-
tion,
Qt
Slag
consump-
tion,
Q
Slag con-
sumption,
qc
Downward
velocity, vz
m/min mm kg/hr kg/m2 g/m− cycle mm/s
Trial 112 HSLA (17.8) 1.0 1382 81.7 0.425 4.56 0.0288
Trial 102 HSLA (17.8) 1.2 1382 72.7 0.315 3.39 0.0256
Trial 501 HSLA (17.8) 1.4 1207 60.1 0.251 2.69 0.0243
Trial 610 Ultra low car-
bon (15.4)
1.2 1531 72.7 0.288 3.10 0.0230
Trial 711 Medium car-
bon (14.0)
1.3 1550 66.9 0.242 2.61 0.0210
3.5 Solution procedure
The energy equation is discretized using the Finite Volume Method (FVM)
and solved on a fixed structured grid with quadrilateral elements for tem-
perature using ANSYS Fluent v15.0. The thermo-fluid model is solved in
several steps.
First, the boundaries between the slag layer-nail and added powder-nail
is set to adiabatic (heat flux equal to 0W/m2). The boundary between the
added powder and the slag layer is set to a fixed temperature equal to the
powder surface temperature obtained from pyrometer measurements for the
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slag layer thickness. The velocity in the slag layer is set to a constant down-
ward axial velocity and only the energy equation is solved. A steady simula-
tion is run to determine the temperature variation in the slag layer.
Next, the boundary between the added powder and the slag layer is changed
to a coupled boundary keeping the other boundary conditions similar to the
first step. The temperature in the added powder is initialized to 300 K and
the downward axial velocity is set in the added powder. A transient simula-
tion is run with a time step size of 0.25 s with a maximum of 20 iterations
per time step to achieve convergence, defined when the residual was less than
10−6.The simulation is run for a time equal to the time difference between
powder addition and nail dipping. Thus, the transient temperature variation
in the slag is obtained.
Lastly, the boundaries between the slag layer-nail and added powder-nail
are changed to a coupled boundary. The temperature in the nail/wire is
initialized to 300 K. With a time step size of 0.005 s, the energy equation is
solved in both domains for time equal to the nail dipping time. A 3 s nail
dipping time simulation takes ∼ 20 minutes of computation on an Intel R©
Xeon R© CPU with 2× 1.8 GHz cores PC.
Some simulations are performed to simulate the nail/wire dipping with a
transient behavior in the powder-slag layer by considering the heating up of
the powder while others assumed steady state conditions in the powder-slag
layer.
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The chapter sections in the thesis for the simulation results are shown in
Table 3.4.
Table 3.4: Chapter sections for simulation results
Trial No. Nail/Wire Effect studied Section
Trial 501, 517 Steel Nail Validation with transient
powder-slag behavior
4.1.1
Trial 302, 507, 204,
207, 201, 304, 411,
316, 517
Steel Nail Validation for different dip-
ping time
4.1.2
Trial 102, 108, 109,
103, 111, 112
Steel Nail Validation for different total
powder-slag layer thickness
4.1.2
Trial 501 Steel Nail Effect of carbon burning 4.3.4
Trial 610, 711 Steel Nail Effect of slag properties 4.3.5
Trial 501 Aluminum
wire
Validation with transient
powder-slag behavior
5.1.2
Trial 311, 316 Aluminum
wire
Validation for different
melting cases
5.1.2
Trial 103 Aluminum
wire
Validation with different
dipping time
5.1.2
Trial 105 Copper
wire
Validation for different
melting cases
5.2.2
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CHAPTER 4
RESULTS - STEEL NAIL
4.1 Model validation
The model is validated by simulating a set of 9 steel nail dipping trials
including both steady state and transient behavior in the powder-slag layer
and comparing the simulation predictions with the measured distances.
4.1.1 Nail dipping with transient behavior in slag layer
An initial steady state temperature profile is considered in the slag layer with
cold powder on top. The heating up of the cold powder is simulated through
a transient simulation in the slag layer. To determine the slag and added
powder layer thicknesses, the variation of the measured total powder-slag
layer thickness with the cast length is considered as shown in Figure 2.3 for
the slag used for HSLA steel. Since the trial was conducted at a constant
casting speed of 1.4 m/min, the cast length can be used to calculate the time
difference between successive trials.
The total powder slag layer thickness increases from ∼ 40 mm to ∼ 50
mm between Trial 302 and 501 as shown in Figure 2.3 as powder was added
immediately after Trial 302. The difference in cast length between the time
of powder addition and Trial 501 is thus 1.8m which is equivalent to 77 s
when considering a constant 1.4 m/min casting speed. First, a steady state
simulation is run for a 40 mm slag layer thickness with the interface between
the added powder and slag layer set to a constant temperature boundary
with no heat transfer across it. 10 mm of cold added powder on top is
considered by initializing a temperature of 300 K in the added powder and
changing the interface between the added powder- slag layer to coupled.
Then, a transient simulation to model the transient powder-slag behavior is
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run. The simulation with the nail is then run 77 s after powder addition for
the corresponding nail dipping time.
The powder surface temperature for the 40 mm total powder slag layer
thickness obtained from the pyrometer reading and surface temperature as-
sumption was 705 K (432 ◦C) as mentioned in section 2.2. Thus, the interface
between the slag layer and added powder was initialized to 705 K for deter-
mining the steady temperature variation in the slag layer. For the transient
simulation with the cold powder, the interface between the added powder
and slag layer was set to a coupled boundary. The surface temperature for a
50 mm total powder slag layer thickness was 625 K (352 ◦C). Since cold pow-
der at 300 K is added on the slag layer, instead of the temperature boundary
condition at the powder top surface, a convection boundary with a surface
heat transfer coefficient equal to 3.3 W/m2K with an ambient temperature
of 300 K is incorporated. The heat transfer coefficient is low due to an arti-
fact of the continuous powder addition assumption in the model, wherein a
high temperature difference between the surface and atmosphere is observed
when the powder must heat up. This low heat transfer coefficient generates
the same net heat loss to the surroundings, and thus the same surface tem-
perature of 625K once steady state is reached again. For a 1.4 m/min casting
speed and casting conditions for Trial 501, the downward axial velocity was
found out to be 0.0243 mm/s using Equation 3.17.
The temperature profiles calculated in the powder-slag layer at different
times after powder addition is shown in Figure 4.1. Powder addition results in
a decrease in the powder temperature due to the cold powder being consumed
initially. This leads to a decrease in the liquid slag depth due to lower
temperatures in the powder-slag layer. With increasing time, the powder
starts to heat up and the liquid slag depth increases. The liquid slag depth
lies in the range 9.4 - 10.7 mm. The powder surface temperature increases
by ∼ 170◦C to 200◦C, 1 hour after powder addition. After 3.5 minutes,
the average time between powder additions, the surface temperature has
only reached 90 ◦C. Thus, the process never comes close to reaching steady
state near the surface. However, deeper beneath the surface, steady state
conditions are possible, after several hours of casting.
For the conditions of Trial 501 (see Table D.1), a steel nail simulation was
run by mathematically inserting a 6 mm diameter nail 77 s after powder ad-
dition. In addition, a simulation was also run with hypothetically inserting
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Figure 4.1: Slag temperature vs distance from steel-slag interface for
different times after powder addition (Trial 501)
the nail into slag that had reached steady state with a powder surface tem-
perature of 625 K (352 ◦C) and a downward velocity of 0.0243 mm/s (Table
D.1).
The temperature contours for nail dipping times of 0.01 s, 0.5 s, 1 s, 2 s,
3 s and 5 s for the transient slag behavior are shown in Figure 4.2.
The nail is initially at room temperature and heats up rapidly for a short
dipping time. With increasing time during dipping, the nail temperature in-
creases i.e. the temperature contour progresses upward along the nail length.
The distances to the color transitions for the transient and steady slag be-
havior are compared with the measured distances as shown in Figure 4.3.
For matching the measured values, the predicted nail temperature with
distance curve had to be adjusted such that it followed the curve for the
measured distances. This was done by adjusting the downward slag velocity,
vz and the thermal conductivity. Increasing the velocity lead to a lower
temperature and a reduced slope while increasing the thermal conductivity
lead to a higher temperature but lower slope.
The distance to the grey-blue (638 K), blue-purple (565 K) and purple-
brown (533 K) color transitions from the lump predicted from the simulation
were 17 mm, 21 mm and 23.3 mm respectively. The predicted distance to
the grey-blue line was slightly lower than the measured value. For the other
two color transitions, the predicted distances match well with the measured
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Figure 4.2: Temperature contours for nail dipping times of 0.01 s, 0.5 s, 1 s,
2 s, 3 s and 5 s (Trial 501)
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values.
Next, a transient simulation for 5 mm of added powder on a 50 mm slag
layer was considered (Trial 517) for casting speed of 1.4 m/min and downward
velocity of 0.0243 mm/s (Table D.1). The time when the nail is dipped
is calculated as 47 s based on the cast length difference (1.1 m) between
powder addition (immediately after Trial 207) and nail dipping for trial 517
for a casting speed of 1.4 m/min as shown in Figure 2.3. The nail dipping
simulation is run 47 s after powder addition. The powder surface temperature
of 585 K (312 ◦C) obtained from pyrometer measurements is incorporated
using a surface heat transfer coefficient equal to 2.1W/m2K and ambient
temperature of 300 K.
The nail temperature for a 3 s dipping time for steady and transient slag
behavior is shown in Figure 4.3 for trial 517 (55 mm total powder-slag layer
thickness). A good match between the predicted and measured distances of
the transition temperatures is observed for both simulations.
Figure 4.3: Comparison of predicted and measured distances of transition
temperatures for Trial 501 (left) and 517 (right) for steady and transient
slag behavior
Since the transient and steady behavior in slag both match with the exper-
imentally measured values, the steady behavior is used as reference to study
the nail temperatures.
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4.1.2 Nail dipping with steady behavior in slag layer
The nail dipping simulation was validated with measurements for different
total powder-slag layer thicknesses, dipping times and casting conditions. A
steady behavior in the slag layer was considered for validation of simulated
distances with measured values for a total of 15 trials with steel nails. Al-
though the steady-state simulations will not match the transient variations
near the powder surface, as discussed in the previous section, they should be
much close in the lower regions of the slag layers.
Total powder-slag layer thickness: Nine nail dips with total powder-
slag layer thicknesses of 40 mm (Nail 302 and 507), 45 mm (Nail 204), 50
mm (Nail 207) and 55 mm (Nail 201, 304, 311, 316 and 517) were considered
for validation. Apart from the total powder-slag layer thicknesses, the trials
considered for validation had similar conditions except for slightly different
slab widths which had no significant effect (even though they were included
in the simulation) as shown in Table D.1. As a result, only four simulations
with total powder slag layer thicknesses of 40, 45 , 50 and 55 mm were run
and the predicted distances were compared with the measurements.
Using the Shin equation [39] for a 1.4 m/min casting speed, the consump-
tion is found to be 0.251 kg/m2. The corresponding downward axial speed
found using Equation 3.17 is 0.0243 mm/s. The corresponding powder sur-
face temperatures for the four thicknesses were 705 K, 665 K, 625 K and
585 K for 40, 45, 50 and 55 mm respectively and the nails were dipped for 3
s. The comparison between the simulation and measured distances is shown
in Figure 4.4. A good match between the measurements and simulation
was observed for the nail dipping trials with different total powder-slag layer
thicknesses.
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Figure 4.4: Simulation results with comparison of predicted and measured
distances of transition temperatures for 40 (Trial 507), 45 (Trial 204), 50
(Trial 207) and 55 mm (Trial 302) total powder-slag layer thickness for a 3
s nail dipping time
Nail dipping time: Eleven nail trials with nail dipping times of 3 s (Nail
201, 304, 311, 316 and 517), 4 s (Nail 102, 108 and 109), 5 s (Nail 103 and
111) and 8 s (Nail 112) were simulated for validation. These trials had a
total powder slag layer thickness of 55 mm with varying casting speeds and
slag consumption. Since the process conditions for the set of trials for each
dipping time were similar, only four simulations with the different dipping
times were run with the simulation conditions shown in Table D.1. The
powder surface temperature for the simulations was considered to be 585 K
based on plant data.
For the 3 s dipping time trial, the casting speed was 1.4 m/min and the
consumption calculated was 0.251 kg/m2 to match the conditions of Trial
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302, and also roughly matching the conditions of 4 other nail / trials where
measurements were made.. The downward velocity was calculated to be
0.0243 mm/s using the Shin equation [39]. The comparison between the
simulation and measured distances for a 3 s dipping time are shown in Figure
4.5.
The figure also shows measurements from other nail trials dipped for 4 s
and 5 s (Nail 102 and 103) but having a lower casting speed of 1.2 m/min.
The consumption and downward velocity was calculated to be 0.315 kg/m2
and 0.0256 mm/s respectively as given in Table 3.3. The casting speed for
the trial with 8 s dipping time (Nail 112) was 1 m/min. The consumption
and downward velocity were calculated to be 0.425 kg/m2 and 0.0288 mm/s
(Table 3.3).
Figure 4.5: Simulation results with comparison of predicted and measured
distances of transition temperatures for 3 (Trial 302), 4 (Trial 102), 5 (Trial
103) and 8 s (Trial 112) dipping times for a 55 mm total powder slag layer
thickness
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The decrease in casting speed leads to higher slag consumption. The ac-
companying higher downward velocity causes lower temperature at any given
location in the slag/powder. This is observed indirectly from the lower nail
temperatures (shift of the measured color transitions to the left) in Figure
4.5 for Trials 108, 109 and 111 with 4 s and 5 s dipping times. The liquid
slag layer thickness naturally decreases as well.
Thus with different casting conditions and dipping times, a good match
between the simulation and measured distances was observed.
4.2 New method to measure liquid slag depth
The color transitions on the dipped nail can be used to measure the liquid
slag layer thickness, D. Since the blue to purple color transition is most
prominently visible on the steel nail, the distance from this line to the steel
lump, Ds, is easy to measure in practice. It can be seen in Figures 4.4 and
4.5 that the blue-purple line is far above the real liquid slag layer, because its
temperature is so low. However, the results of the model developed in this
work can be applied to propose a new method to estimate where the slag line
is, based on the measured location of the blue-purple line.
To determine the liquid slag layer thickness, a new method is proposed
here by multiplying this measured distance by a ratio Rs, D/Ds (also called
a distance fraction). This ratio is found to vary with dipping time, slag
properties and slag consumption, as investigated in the next sections.
D = Ds ×Rs (4.1)
4.3 Parametric study
Having validated the model, parametric studies were performed to investigate
the effects of nail dipping time, slag consumption, total powder/slag layer
thickness, and slag properties on the accuracy of the dipping methods to
measure liquid slag layer thickness.
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4.3.1 Effect of nail dipping time
Simulations with casting speeds of 1, 1.2 and 1.4 m/min and different total
powder-slag layer thicknesses were run for dipping time varying from 2-8 s.
From the temperature contours in Figure 4.2 for conditions of Trial 501, it can
be seen that with an increase in the nail dipping time, the temperature along
the nail surface also increases. The ratio of the liquid slag layer depth to the
distance of blue-purple transition from the lump, Rs, has been calculated for
different dipping times for a 55 mm total powder-slag layer thickness and a
slag consumption of 6.31 g/m-s (axial velocity = 0.0256 mm/s) and is shown
in Table 4.1. The ratio decreases greatly with an increase in the dipping time
of the steel nail. Thus, dipping time should be kept constant for this method
to be accurate and reproducible. For this and many other reasons, including
operational constraints, it is recommended to keep the dipping time at 3 s.
Table 4.1: Effect of nail dipping time on % liquid slag layer depth/distance
from nail dipping test Rs
Nail dipping
time (s)
Liquid slag
layer depth, D
(mm)
Distance of
blue-purple
transition
from lump, Ds
(mm)
% Liquid
slag layer
depth/distance
to blue-purple
transition
from lump,
Rs)
2 s 9.7 mm 16.0 mm 60.6 %
3 s 9.7 mm 18.9 mm 51.3 %
4 s (Trial 102) 9.7 mm 21.1 mm 46.0 %
5 s (Trial 103) 9.7 mm 22.9 mm 42.4 %
8 s 9.7 mm 27.0 mm 35.9 %
4.3.2 Effect of slag consumption
The effect of slag consumption was next studied for a total powder-slag layer
thickness of 55 mm with a nail dipping time of 3 s. For conditions similar
to Trial 311 (Table D.1) except the casting speed (slag consumption), the
ratio Rs is computed for 4 slag consumption values corresponding to casting
speeds of 1, 1.2, 1.4 and 2 m/min and is shown in Table 4.2. It can be seen
that the slag consumption does not have a significant effect on the ratio.
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For a 3 s dipping time, decreasing slag consumption from 0.425 kg/m2 to
0.157 kg/m2 due to increase in casting speed lead to a slight increase in the
ratio Rs from 49.7% for 1 m/min casting speed to 53.3% for 2 m/min casting
speed. However, since the increase in the ratio Rs is small, a ratio of ∼ 50%
of the measured distance from the lump to blue-purple transition gives the
liquid slag layer depth.
Table 4.2: Effect of slag consumption on % liquid slag layer depth/distance
from nail dipping test Rs
Slag consump-
tion, Q
Casting speed,
vc
Downward ve-
locity, vz
Liquid slag
layer depth, D
Distance of
blue-purple
transition
from lump, Ds
% Liquid
slag layer
depth/distance
to blue-purple
transition
from lump,
Rs)
kg/m2 m/min mm/s mm mm
0.157 2.0 0.0217 11.4 21.4 53.3%
0.250 (Trial 311) 1.4 0.0243 10.2 19.5 52.3%
0.315 1.2 0.0256 9.7 18.9 51.3%
0.425 1.0 0.0288 8.6 17.3 49.7%
4.3.3 Effect of total powder-slag layer thickness
The effect of total powder-slag layer thickness on the ratio Rs is analyzed for
a dipping time of 3 s as shown in Table 4.3.
Table 4.3: Effect of total powder-slag layer thickness on % liquid slag layer
depth/distance from nail dipping test Rs
Total powder-
slag layer thick-
ness
Liquid slag layer
depth, D (mm)
Distance of blue-
purple transition
from lump, Ds
(mm)
% Liquid
slag layer
depth/distance
to blue-purple
transition from
lump, Rs)
40 mm (Trial 507) 10.9 mm 21.2 mm 51.4%
45 mm (Trial 204) 10.7 mm 20.8 mm 51.4%
50 mm (Trial 207) 10.5 mm 20.3 mm 51.7%
55 mm (Trial 304) 10.2 mm 19.5 mm 52.3%
A casting speed of 1.4 m/min with a slag consumption of 5.85 g-m/s was
considered for conducting this parametric study with the simulation condi-
tions tabulated in Table D.1. The liquid slag depth decreased slightly with
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an increase in the total thickness. The extra powder has no significant ef-
fect on the liquid slag depth and the distance to the blue-purple line. As a
result, the ratio Rs did not vary with change in the total powder-slag layer
thickness.
4.3.4 Effect of carbon burning
A simulation that takes into account the heat liberated from combustion of
the carbon in the mold powder is considered. The simulation is run for the
process conditions of Trial 501 as shown in Table 3.3. 10 mm cold powder is
added on a 40 mm powder-slag layer with the nail dipped 77 s after powder
addition. The temperature dependent slag specific heat that includes the
heat produced by the combustion as a negative latent heat, as explained
in section 3.3.1 is shown in Figure 3.3. A comparison of the predicted and
measured distances with and without carbon burning is shown in Figure 4.6.
The increase in temperature due to the burning results in an increase in
the liquid slag depth. However, this slight increase in temperature did not
result in a significant change in the nail temperature. As a result, even with
burning of carbon the predicted distances match the measured values.
Figure 4.6: Comparison of predicted and measured distances of transition
temperatures for Trial 501 (50 mm total powder slag thickness) with and
without carbon burning
The effect of the carbon burning on the ratio Rs is shown in Table 4.4. An
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increase of 10% in the ratio is observed when carbon combustion is consid-
ered.
Table 4.4: Effect of carbon burning on % liquid slag layer depth/distance
from nail dipping test Rs
Condition Liquid slag layer
depth, D (mm)
Distance of blue-
purple transition
from lump, Ds
(mm)
% Liquid
slag layer
depth/distance
to blue-purple
transition from
lump, Rs)
No carbon burning
(Trial 501)
10.9 mm 21 mm 51.9%
Carbon burning
(Trial 501)
13.1 mm 20.6 mm 63.5%
4.3.5 Effect of slag properties
Simulations are run with slags used for ultra-low carbon steel (Trial 610) and
medium-carbon steel (Trial 711) with the conditions shown in Table 3.3. The
temperature dependent thermal conductivity and specific heat, based on the
slag melting temperature from the plant data as explained in section 3.3.1,
are shown in Figure 3.4. The specific heat does not take the effect of carbon
combustion into account.
For the ultra-low carbon steel slag, Trial 610 is simulated for a 40 mm total
powder slag layer thickness and a 3 s dipping time. The slag consumption and
the downward velocity for the casting speed of 1.2 m/min are calculated to be
5.77 g/m-s and 0.0230 mm/s respectively as shown in Table 3.3 for empirical
constant ke equal to 15.4. The average powder surface temperature was
calculated to be 181.8 ◦C (454.8 K) for an average total powder slag layer
thickness of 39.2 mm. As a result, for the 40 mm total powder-slag layer
thickness, a surface temperature of 450 K is considered (Table D.1).
The simulation is run for steady behavior in the powder- slag layer. A
comparison of the measured and predicted distances to the transition tem-
peratures is shown in Figure 4.7 and a good match is obtained between the
simulation and measurement.
Trial 711 is simulated for the slag used for medium carbon steel with a
total powder slag layer thickness of 40 mm and a dipping time of 3 s. For the
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Figure 4.7: Simulation results with comparison of predicted and measured
distances of transition temperatures for slag used for ultra-low carbon steel
(Trial 610)
casting speed of 1.3 m/min and empirical constant ke, the consumption and
downward velocity calculated are 5.26 g/m-s and 0.021 mm/s respectively.
The pyrometer measurements 47 s before and after 14 s after the dipping trial
were 360 ◦C and 368 ◦C respectively. As a result, a 360 ◦C (633 K) powder
surface temperature was considered in the simulation (Table D.1). The simu-
lation was run for a steady behavior in the powder-slag layer. A comparison
of the measured and predicted distances to the transition temperatures is
shown in Figure 4.8. The distances match except for the grey-blue transition
which is slightly higher for the measurement as compared to the simulation.
The slag temperature profile can be seen to have a sharp curve at the
melting temperature due to a small mushy zone for the ultra low carbon steel
slag in comparison to a wider mushy zone for the medium carbon steel slag.
In addition, the medium carbon steel having a lower melting temperature
(1348 K) has a greater liquid slag depth in comparison to the other slags.
The effect of the slag properties on the ratio Rs for 40 mm total powder
slag layer thickness for a 3 s dipping time is shown in Table 4.5. The ratio
lies between 50-60% for the three slags considered and is highest for the
ultra low carbon steel slag. This could be because the ultra low carbon
steel slag has the highest softening point temperature (1368 K) leading to
lower temperatures in the powder-slag layer and a shallower liquid slag. The
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Figure 4.8: Simulation results with comparison of predicted and measured
distances of transition temperatures for slag used for medium carbon steel
(Trial 711)
decrease in the liquid slag depth is less in comparison to the distance to the
color transition due to lower nail (slag) temperatures leading to a higher
ratio.
Table 4.5: Effect of slag properties on % liquid slag layer depth/distance
from nail dipping test Rs
Steel grade (Slag
type)
Liquid slag layer
depth, D (mm)
Distance of blue-
purple transition
from lump, Ds
(mm)
% Liquid
slag layer
depth/distance
to blue-purple
transition from
lump, Rs)
High strength low
alloy (Trial 507)
10.9 mm 21.2 mm 51.4%
Ultra low carbon
steel (Trial 610)
10.4 mm 17.6 mm 59.0%
Medium carbon
steel (Trial 711)
12.2 mm 22.2 mm 54.9%
4.4 Conclusion - steel nail dipping
A new method to measure the liquid slag layer depth using only a steel nail
is proposed. This new method is based on the color bands of the oxide layers
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observed on the steel nail after dipping. For a nail dipping time of 3s, a
reasonable estimate of the liquid slag layer depth is given by taking half (Rs,
distance fraction = 50 %) of the measured distance from the steel lump to
the blue-purple color transition line.
An increase in the dipping time by 1 s increases the distance to the dis-
coloration by ∼ 10 % for 3-5 s dipping time. This leads to a decrease in the
ratio Rs (distance fraction needed to extract the slag layer thickness from
the measured distance to the blue-purple line). The slag consumption and
total powder-slag layer thickness had little effect on the ratio. The burning of
carbon in the powder leads to higher temperatures in the powder-slag layer
resulting in a greater liquid slag depth. The increase in the slag temperature
did not have a significant effect on the nail temperature. As a result, the
ratio Rs increased by ∼ 10% due to carbon burning.
For the three slags considered, the ratio lies in a 50-60% range with it being
highest for the ultra-low carbon steel slag. The liquid slag depth decreases
by ∼ 5% from slag used for HSLA steel to ultra-low carbon steel due to an
increase in the softening point temperature. The distance to the discoloration
on the other hand decreases by ∼ 17% due to lower slag (nail) temperatures
leading to a ∼ 10% increase in the ratio for the ultra-low carbon steel slag.
A decrease in the slag melting temperature by ∼ 50 K (for medium carbon
steel) resulted in a ∼ 20 % increase in the liquid slag depth. The distance to
the discoloration on the other hand increases by only ∼ 5% from slag used
for HSLA steel to medium carbon steel. As a result, a net increase of ∼ 5%
in the ratio is observed for the medium carbon steel slag.
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CHAPTER 5
RESULTS - ALUMINUM & COPPER
WIRES
Aluminum and copper wire dipping is simulated using the computational
model developed. The major difference from the steel nail dipping is that
the wire melts when dipped into the slag layers, owing to the lower melting
temperature of these metals. This leads to different properties in the slag in
the region where the wire melted.
5.1 Aluminum wire dipping
5.1.1 Melting scenarios (cases)
The melting of aluminum might change the thermal properties in the melted
portion of the wire (solid region) at temperatures greater than the melting
temperature to be a mixture of slag and molten metal. The results depend
on how the slag solidifies around the wire initially, and how the melted metal
diffuses into the liquid slag after melting. To simulate the melting scenarios,
two cases were considered in the wire melted region. The first case assumes
that just after initial insertion the aluminum melts to form molten aluminum
and is surrounded by powder/solid slag, which has a higher melting tempera-
ture than the molten aluminum, but is able to hold the continuous column of
molten aluminum in place without any diffusion. For temperatures above the
slag melting temperature where there is flowing liquid slag, the molten alu-
minum diffuses away, so the melted region consists of liquid slag. A schematic
of this case is shown in Figure 5.1.
The second case assumes that due to the small wire diameter and flow in
the powder-slag layer, the column of molten metal diffuses away. As a result,
just after initial insertion the melted region consists of solid slag near the
solid wire for temperatures below the slag melting temperature and liquid
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Figure 5.1: Schematic of the aluminum wire dipping experiment in a
continuous caster for case 1 with molten aluminum and liquid slag in
melted region
slag for greater temperatures. After a sufficient dipping time, the melted
region consists of powder near the solid wire for temperatures below the slag
melting temperature and flowing liquid slag for temperatures above the slag
melting temperature. A schematic of this case is shown in Figure 5.2. Above
the height in the solid powder where and when the temperature is below the
melting point of aluminum (933 K), the wire is solid aluminum.
Figure 5.2: Schematic of the aluminum wire dipping experiment in a
continuous caster for case 2 with powder/solid and liquid slag in the melted
region
The temperature dependent thermal properties in the wire region are
shown in Figure 5.3. The latent heat of melting, Lf for aluminum is 398
kJ/kg. This is incorporated in the model by considering an increase in the
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Figure 5.3: Temperature dependent thermal conductivity and specific heat
in the solid region for an aluminum wire for case 1 (left) and case 2 (right)
specific heat at the aluminum melting temperature. The latent heat is dis-
tributed over a 20 K mushy zone (923 K - 943 K). The specific heat due to
the effect of latent heat, CpL is calculated using:
CpL = Cpo +
Lf
∆T
(5.1)
where Cpo is the specific heat without the effect of latent heat. The increase
in specific heat for aluminum was found out to be 19.9 kJ/kg K. Due to
the presence of steep temperature gradients in the wire region, the mesh was
refined from 0.5 mm to 0.1 mm element size in the wire and near the wire-slag
layer interface.
The properties in the solid wire region are defined by solid aluminum prop-
erties up to the melting temperature of aluminum 933 K. On melting of
aluminum, the effect of latent heat is considered through the increase in
the specific heat. For temperatures above the melting temperature, molten
aluminum properties and powder properties are considered for case 1 and 2
respectively until the powder sintering temperature of 1300 K. The properties
of the sintered region are considered for the temperature range 1300-1400 K
with liquid slag properties for temperatures greater than 1400 K. A constant
density equal to the aluminum density (2719 kg/m3) is defined in the wire
region.
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5.1.2 Model validation
The model is validated by comparing the liquid slag depth predicted from
the simulation with the measured liquid slag depth from the dipping trials.
Transient behavior in the powder-slag layer: For the first validation,
Trial 501 is considered for comparison between the predictions and wire mea-
surements. The measured liquid slag depths from the experiment using the
three aluminum wire measurement methods were 14.2 mm, 16.5 mm and 5.8
mm using method 1, 2 and 3 respectively (Table C.5).
A transient powder-slag behavior is considered for Trial 501 with 10 mm
of cold powder added on a 40 mm slag layer and a 1.6 mm diameter wire
dipped 77 s after powder addition (powder added immediately after Trial
302). The time after powder addition is calculated from the cast length
for a 1.4 m/min casting speed as mentioned in section 4.1.1. For the wire
region, powder/liquid slag properties (case 2) are considered for temperatures
greater than the aluminum melting temperature. The slag consumption and
downward velocity calculated using the Shin equation [39] for a casting speed
of 1.4 m/min were 5.85 g/ms and 0.0243 mm/s respectively as shown in Table
3.3. The powder surface heat transfer coefficient was 3.3 W/m2K with an
ambient temperature of 300 K (Table D.1). The temperature variation in
the powder-slag layer after powder addition is shown in Figure 4.1.
The wire surface temperature profiles for different dipping times for tran-
sient and steady slag behavior for case 2 are shown in Figure 5.4.
With increasing time, the wire surface temperature increases and the wire
length decreases as it melts. The wire length decreases very rapidly during
the initial dipping process, melting ∼ 10 mm in 0.5 s. As the time during
dipping increases further, the change in the wire length becomes quite small.
A comparison between the wire lengths for steady and transient powder-
slag behavior does not show a significant difference in the wire length for
the same dipping time. For a 3 s dipping time, the liquid slag depth from
the simulation for the transient and steady powder-slag behavior were 14.4
mm and 14.0 mm respectively. These values match with the experimentally
measured liquid slag depth using method 1 (14.2 mm).
However, this measured liquid slag depth is greater than the predicted
liquid slag depth of 10.5 mm. Thus, the aluminum wire dipping method for
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Figure 5.4: Aluminum wire surface temperature profiles for various dipping
times for transient and steady behavior in powder-slag layer for Trial 501
(case 2)
Trial 501 over-predicts the liquid slag depth (by ∼ 35 %).
Since the liquid slag depths predicted from the steady and transient slag
behavior match the experimentally measured value, steady behavior is used
for simplicity for validation simulations of other trials.
Steady behavior in the powder-slag layer: An aluminum wire dipping
simulation is run for Trials 316 and 311 considering a steady slag behavior.
The total powder-slag layer thickness is 55 mm with the surface temperature
as 585 K (312 ◦C). The downward slag velocity calculated from the Shin
equation (Equation 3.17) is 0.0243 mm/s (Table D.1).
The simulations were run for the two melting cases mentioned in section
5.1.1 with molten aluminum and liquid slag in the melted region (Case 1) for
Trial 316 and powder and liquid slag in the melted region (Case 2) for Trial
311.
The wire temperature profiles for the two simulations are shown in Figure
5.5. For Trial 316, the liquid slag depth from the simulation was found out
to be 16.6 mm. This matches with the experimentally measured liquid slag
depth of 16.7 mm using method 1 (Table C.3). However, it is lower than the
measured liquid slag depth (18.5 mm) using method 2 (Table C.3).
For Trial 311, a lower liquid slag depth (12.6 mm) was found from the
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Figure 5.5: Aluminum wire surface temperature profiles for various dipping
times for case 1 (Trial 316) with molten aluminum and liquid slag in melted
region (left) and case 2 (Trial 311) with powder and liquid slag in the
melted region(right)
simulation and matches the measurement using method 1 (13.6 mm) within
∼ 8 % but does not match the measurement using method 2 (15.0 mm)
(Table C.3).
The measured liquid slag depth exceeds the predicted liquid slag depth
of 10.2 mm by ∼ 60 % for Trial 316 and ∼ 25 % for Trial 311. Thus, the
aluminum wire over-predicts the liquid slag depth for both trials.
The wire dipping model was further validated by comparing the liquid slag
depth predicted with the measured value for a 5 s wire dipping time (Trial
103). For a casting speed of 1.2 m/min, the slag consumption and downward
velocity were calculated to be 6.31 g/m s and 0.0256 mm/s respectively. The
total powder slag layer thickness was 55 mm with a surface temperature of
585 K (Table D.1).
The simulation was run with and without the effect of aluminum latent
heat with powder and liquid slag properties in the melted region. The wire
surface temperatures for different dipping times are shown in Figure 5.6.
The liquid slag depth from the simulation with latent heat for a 5 s dipping
time was 12.2 mm and matched the measured liquid slag depth of 12.8 mm
using method 2 (∼ 5%). However, the value from the simulation did not
match the measurements using method 1 (9.6 mm) and method 3 (10.2 mm)
(Table C.1).
The corresponding simulation without the latent heat predicted a greater
liquid slag depth of 12.9 mm and matches the measurement (within ∼ 1 %).
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Figure 5.6: Aluminum wire surface temperature profiles for various dipping
times without (left) and with (right) latent heat of aluminum for Trial 103
For a 5 s dipping time, this value is higher than the predicted liquid slag
depth of 9.7 mm.
A comparison of the measurements and simulation results is shown in
Table 5.1. The calculations match well with at least one of the measurement
methods, which is indicated in bold. For Trial 501, 316 and 311, the predicted
aluminum tip matches with the measurement using method 1. For Trial 103,
the predicted aluminum tip matches with the measured liquid slag depth
using method 2.
Table 5.1: Comparison between measurement and simulation for different
trials
Trial No.
(Dipping
time)
Measured liq-
uid slag depth,
Method 1
(mm)
Measured
liquid slag
depth,Method
2 (mm)
Measured
liquid slag
depth,Method
3 (mm)
Predicted
aluminum
tip (mm)
Predicted
liquid slag
depth (mm)
501 (3 s) 14.2 mm 16.5 mm 5.8 mm 14.4 mm 10.5 mm
316 (3 s) 16.7 mm 18.5 mm N/A 16.6 mm 10.2 mm
311 (3 s) 13.6 mm 15.0 mm N/A 12.6 mm 10.2 mm
103 (5 s) 9.6 mm 12.8 mm 10.2 mm 12.2 mm 9.7 mm
5.1.3 Evaluation of Al-wire measurement method
The liquid slag depths for trial 501 and 311 exceed the predicted liquid
slag depth when the melted wire region consists of low conductivity solid
slag/powder (Case 2). However, the presence of high conductivity molten
aluminum in the melted wire region leads to an even greater prediction of
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the liquid slag depth (Case 1) for Trial 316. Thus, the aluminum wire method
over-predicts the liquid slag depth.
For Trial 501, the difference between the measurement using method 1
and 3 is ∼ 8 mm. This difference due to the interpretation of the aluminum
wire measurement methods is significant leading to a variability in liquid slag
depth prediction.
As a result, the behavior in the melted region along with the interpretation
of the measurement methods, make the aluminum wire method less-reliable.
5.1.4 Parametric study
The validated computational model was next applied to investigate the effect
of wire melting properties, wire diameter and aluminum latent heat, on the
slag melting and nail measurement method.
Effect of properties in melted region: Simulations were run for the
process conditions of Trial 316 and Trial 311 as shown in Table D.1. Both
the trials considered have similar behavior in the powder-slag layer. The
Trial 316 considers molten aluminum and liquid slag in the melted region
(Case 1) while Trial 311 considers solid slag/powder and liquid slag in the
melted region (Case 2). A comparison of the aluminum wire length melted
for the two melting cases is shown in Figure 5.7.
Figure 5.7: Comparison of aluminum wire length melted for melting case 1
(Trial 316) with molten aluminum and liquid slag in the melted region and
case 2 (Trial 311) with powder and liquid slag in the melted region
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The aluminum wire for both melting cases takes approximately the same
dipping time to predict the liquid slag depth (∼ 0.5 s) suggesting that the ini-
tial rapid melting is due to the heat from the molten steel and the properties
in the melted region have no effect initially. However, for greater times dur-
ing dipping the case with molten aluminum in the melted region melts much
further as compared to the case with slag in the melted region. The presence
of molten aluminum, which has a greater thermal conductivity, leads to a
deeper liquid slag depth predicted while a lower depth is predicted when a
low conductivity slag lies in the melted region.
The properties of the slag in the region near the wire after its partial
melting have a large effect on the predicted liquid slag depth. Since those
properties change greatly according to the case, the predicted liquid slag
depth can vary greatly.
Effect of wire diameter: The effect of wire diameter was studied by
running a simulation with a 3 mm diameter aluminum wire with conditions
in the powder/slag layer similar to Trial 316 (Table D.1). A molten aluminum
column in the melted region with liquid slag above slag melting temperature
(Case 1) was assumed for this simulation. The wire temperature profiles
for the simulation for different dipping times are shown in Figure 5.8. A
comparison of the aluminum wire length melted for a wire diameter of 1.6
mm and 3 mm is shown in Figure 5.9.
Figure 5.8: Aluminum wire surface temperature profiles for various dipping
times for a 3 mm diameter wire for conditions similar to Trial 316 (case 1)
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Figure 5.9: Comparison of aluminum wire length melted for two wire
diameters (1.6 mm and 3 mm) for Trial 316
The 3 mm diameter aluminum wire takes greater time to predict the liquid
slag depth (∼ 1.8 s) in comparison to the 1.6 mm diameter wire (∼ 0.6
s). Despite a thicker column of molten aluminum having higher thermal
conductivity in the melted region for the thicker wire, it takes longer to melt
due to the increase in volume of metal that needs to be melted.
The increased diameter of the aluminum wire results in greater instability
in holding the molten aluminum column surrounded by the solid slag. As a
result, the molten aluminum could get washed away leading to solid slag and
powder in the melted region and further increasing the time to predict the
liquid slag depth.
Effect of latent heat: The effect of aluminum latent heat is studied for
Trial 103 with the process conditions shown in Table D.1. The wire tem-
perature profiles with and without latent heat are shown in Figure 5.6. A
comparison between the aluminum wire length melted with and without la-
tent heat is shown in Figure 5.10. The latent heat increases the specific heat
leading to lower temperatures for the same dipping time. As a result, the
wire length melted is greater for the simulation without latent heat. How-
ever, this effect is not as significant when compared to the difference observed
due to the properties in the melted region.
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Figure 5.10: Comparison of aluminum wire length melted with and without
latent heat (Trial 103)
5.1.5 Conclusions - aluminum wire dipping
Aluminum wire method for predicting the liquid slag depth was analyzed
by comparing the predicted and the measured values. The measured liquid
slag depths when interpreted using the three methods range from 2 mm to
25 mm for similar process conditions. This could lead to an incorrect liquid
slag depth being predicted from the measurement. In addition, the presence
of molten aluminum in the melted region could lead to deeper ”measured”
liquid slag depth. Using a wire with greater diameter might be unreliable as
the amount of time it takes to predict the liquid slag depth would depend on
the properties in the melted region.
Thus, the variability due to the measurement methods and melting behav-
ior using the aluminum wire makes it a less-reliable tool.
5.2 Copper wire dipping
5.2.1 Melting scenarios
The dipping of a 1.6 mm diameter copper wire is simulated using the com-
putational model. The copper melts at 1358 K (1085 ◦C) while the powder
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melts at 1400 K. As a result, the melted region consists of a mixture of molten
copper and liquid slag. Two cases have been considered for simulating the
melting behavior for the copper wire as shown in Figure 5.11.
Figure 5.11: Schematic of the copper wire dipping experiment in a
continuous caster with liquid slag in melted region (case 1) (left) and with
molten copper in the melted region (case 2) (right)
The first case assumes that due to the small wire diameter, the molten
copper in the melted region would get washed away by the flow in the liquid
slag. Thus, the copper wire remains solid until the melting temperature
(1358 K) and the melted region contains liquid slag at temperatures above
1358 K. The second case assumes that the flow in the liquid slag does not
carry away the molten metal. As a result for temperatures above 1358 K
,the molten copper remains in the melted region.
The temperature-dependent thermal conductivity and specific heat are
shown in Figure 5.12. The latent heat of copper is 205 kJ/kg and is taken
into account through an increase in the specific heat on a 20 K mushy zone.
The density in the wire (solid) region is taken to be the copper density equal
to 8970 kg/m3.
5.2.2 Model validation
The copper wire dipping is simulated for a total powder slag layer thickness
of 60 mm with a powder surface temperature of 545 K (272 ◦C). For a casting
speed of 1 m/min (Trial 105), the slag consumption and casting speed were
calculated to be 7.08 g/m s and 0.0288 mm/s.
For liquid slag in the melted region, the wire temperature profiles for Trial
105 are shown in Figure 5.13 (left) . The copper wire predicts a liquid slag
depth of 1.4 mm after a dipping time of 3 s. This is less than the measurement
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Figure 5.12: Temperature dependent thermal conductivity and specific heat
in the solid region for a copper wire for case 1 (left) and case 2 (right)
from the experiment of 4.7 mm. The probable reason for the simulation not
matching the experimental measurement could be the presence of molten
metal in the melted region.
For a continuous column of molten copper in the melted region (assuming
that the flowing slag is not able to diffuse away the molten copper), the wire
temperature profiles for Trial 105 are shown in Figure 5.13 (right). After a
dipping time of 3 s, the computational model predicts a liquid slag depth of
5.3 mm which matches with the measurement of 4.7 mm (within∼12%). This
suggests that the computational model is reasonable, that the measurement
is variable, and that sometimes, the molten copper remains in the region.
Figure 5.13: Copper wire surface temperature profiles for various dipping
times for case 1 with liquid slag in melted region (left) and case 2 with
molten copper in the melted region(right) (Trial 105)
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However, both the experimental and computational model estimates of ∼ 5
mm thick slag layer are small in comparison to the liquid slag layer thickness
of 8.5 mm. Due to the high thermal conductivity of the copper wire, its
temperature exceeds the slag temperature in the powder after ∼ 2 s but does
not melt owing to its high melting temperature. Even if the wire is dipped
longer than 15 s to approach steady state, a liquid slag depth of only ∼ 2 mm
is predicted when liquid slag is present in the melted region. However, for
molten copper in the melted region and approaching steady state (dipping
time greater than 20 s), a greater liquid slag depth of ∼ 8 mm is predicted
which matches the liquid slag depth (within ∼ 6%). The problem with this
prediction is the long dipping time that would be needed to correctly predict
the liquid slag depth.
5.2.3 Conclusions - copper wire dipping
The copper wire method under-predicts the liquid slag depth by a factor of
∼ 3, due to its high melting temperature. With liquid slag in the melted
region, the copper wire method always under-predicts the liquid slag depth.
For large dipping times greater than 20 s, the presence of molten copper in
the melted region could lead to a correct prediction of the liquid slag depth.
However, such long dipping times are not feasible to predict the liquid slag
depth.
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CHAPTER 6
NAIL LUMP THICKNESS -
MEASUREMENT & SIMULATION
The size of the lump formed on the steel nail during the nail dipping test
is used to estimate the molten steel velocity. The diameter of the lump (d)
along with the height difference between the top and bottom of the lump
(h) are measured and used to calculate the velocity (vi) using the following
relation [28]:
vi = 0.624d
0.696h0.567 (6.1)
Analytical solutions in 1-D and cylindrical coordinates are used to estimate
the shell thickness from the nail surface. In addition, a computational model
has been developed to determine the shell thickness for varying molten steel
superheat. The predicted shell thickness from the simulation is compared
with measured thicknesses from the nail dipping trials (Table B.8).
6.1 1-D analytical model (Cartesian coordinates)
A 1-D mixed control analytical solution for lump solidification in rectangular,
Cartesian coordinates is used to predict the shell thickness. The solution
involves conduction in the solid steel nail (mold), conduction through the
solidified shell and latent heat of fusion. The solution assumes zero interface
resistance (hgap = ∞), zero superheat and a stagnant flow in the molten
steel.
The domain for the analytical solution is shown in Figure 6.1 with x < 0
being the mold region (steel nail), 0 < x ¡ s(t) being the solidified shell and
x > s(t) being the molten steel. The energy equation solved is as follows:
ρCP
∂T
∂t
=
∂
∂x
(k
∂T
∂x
) (6.2)
At the solid-liquid interface, the heat conducted through the solid is equal
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Figure 6.1: Domain for 1-D analytical model [41]
to the heat conducted through the liquid and the latent heat required for
solidification of the shell. This is referred to as the Stefan condition and is
shown below:
(ks
∂T
∂x
)s − (kl∂T
∂x
)l = ρsLf
dδ
dt
(6.3)
where ks and kl are the thermal conductivities in the solid and liquid steel,
ρs is the solid steel density and Lf is the latent heat of fusion.
Using the mixed control assumption, the interface temperature (Ts) is
calculated using the following equation:
Ts = Ta +
TM − Ta
1 + erfβ
√
kcρcCpc
kmρmCpm
(6.4)
where Ta is the nail (mold) temperature, TM is the melting temperature,
km and kc are mold (nail) and casting (molten steel) thermal conductivities,
ρm and ρc are nail and molten steel densities and Cpm and Cpc are nail
and casting specific heats respectively. β is determined using the following
transcendental equation:
βeβ
2
(erfβ +
√
kcρcCpc
kmρmCpm
) =
(TM − Ta)Cpc
Lf
√
pi
(6.5)
The shell thickness s is eventually calculated using:
s(t) = K
√
t (6.6)
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Table 6.1: Steel Properties used for the model
Property Value
Steel thermal conductivity (kc, km ) 45W/mK
Steel density (ρc, ρm ) 7400 kg/m
3
Steel specific heat (Cpc, Cpm ) 600 J/kgK
Latent Heat of fusion (Lf ) 272 kJ/kg
Steel melting temperature (TM) 1525
◦C (1798 K)
where K is calculated using:
K = 2β
√
αc (6.7)
where αc is the thermal conductivity of the casting (molten steel) and t is
the dipping time. The thermal properties and the density of the steel are
assumed to be the same in the solid and molten state as shown in Table 6.1.
The nail diameter considered for the analytical solution is 6 mm.
Due to heating of the nail, the nail temperature Ta will increase with
dipping time. As a result, an increasing nail temperature profile has to
be considered for calculation of the shell thickness. For an average nail
temperature of 800◦C for a 3 s dipping time, β was calculated to be 0.47
with a shell thickness of 5.16 mm.
6.2 Analytical model in cylindrical coordinates
An analytical solution in cylindrical coordinates for calculation of the shell
thickness is formulated by considering a line heat sink of strength Q at the
origin. The shell starts to solidify from zero radius and grows radially. The
line sink is placed in an infinite molten liquid which is at its melting tempera-
ture (no superheat). The problem is axisymmetric and temperature variation
is independent of the axial direction. The solution assumes zero interface re-
sistance (hgap =∞), zero superheat and a stagnant flow in the molten steel.
The domain of the model is shown in Figure 6.2.
The energy equation solved in cylindrical coordinates is as follows:
ρCP
∂T
∂t
=
1
r
∂
∂r
(kr
∂T
∂r
) + Sq (6.8)
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Figure 6.2: Domain for analytical model in cylindrical coordinates
where Sq is the source term (W/m
3). The boundary conditions for the model
are as follows:
T (r = R(t)) = TM (6.9)
(ks
∂T
∂r
)s − (kl∂T
∂r
)l = ρsLf
dR(t)
dt
Stefancondition (6.10)
T (r →∞) = TM (6.11)
Qs = lim
r→0
(−2pirks∂T
∂r
) (6.12)
where Qs is the strength of the heat sink (W/m). By substituting the tem-
perature gradient, the strength of the heat sink can be determined using:
Qs = −2piks(Ta − TM) (6.13)
where Ta is the nail temperature and TM is the steel melting temperature.
The shell thickness is determined by solving for β using the following tran-
67
scendental equation:
Qs
4pi
e−β
2
= β2αsρsLf (6.14)
The total shell thickness is determined using the following equation:
r = K
√
t (6.15)
K = 2β
√
αs (6.16)
The analytical solution is based on a line sink at the axis. However, the
lump solidification involves the shell growing on a nail of radius 3 mm (R) as
shown in Figure 6.3. Thus, to calculate the lump thickness (L) comparable
to the nail dipping process using the analytical solution, the solidification
time (t) for a shell thickness of 3 mm from the axis has to be determined.
The shell thickness growing after this time (t) will be the lump thickness.
L = r −R (6.17)
where L is the lump thickness,R is the nail radius and r is the total shell
thickness from the axis for time equal to the sum of the solidification time
for nail radius and nail dipping time.
Similar to the 1-D analytical model, the nail temperature will increase with
time. Considering an average nail temperature of 800 ◦C, the strength of the
heat sink was determined to be 204.9 kW/m. The transcendental equation
was solved to calculate β equal to 0.70. As a result, the time required for
solidification of a shell thickness equal to 3 mm was calculated to be 0.46 s.
For a nail dipping time of 3 s, the total time that needs to be considered is
3.46 s. The total shell thickness calculated for 3.46 s was determined to be
8.18 mm. Thus, the lump thickness for a 3 s dipping time was 5.18 mm.
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6.3 Computational model
6.3.1 Governing equations
A computational model to simulate the solidification of the lump on the steel
nail was developed in ANSYS Fluent. The model takes into account the heat
conduction in the nail, solidified shell and molten steel with the effect of the
latent heat of solidification.
The model solves the energy equation by taking the solidification of the
steel into account. The solidification module uses the enthalpy-porosity tech-
nique [42] which tracks liquid fraction instead of the melt interface. The
liquid fraction is the fraction of cell volume that is in liquid form and is com-
puted at each iteration, based on an enthalpy balance. The mushy zone is
a region in which the liquid fraction lies between 0 and 1 and is modeled as
a pseudo porous medium in which the porosity decreases from 1 to 0 as the
material solidifies. The liquid fraction γ is defined using the lever rule as:
γ =
T − Tsol
Tliq − Tsol if Tsol < T < Tliq (6.18)
γ = 0 if T < Tsol (6.19)
γ = 1 if T > Tliq (6.20)
The energy equation solved for the solidification problem is as follows:
∂
∂t
(ρH) +∇.(ρ~vH) = ∇.(k∇T ) + S (6.21)
where H is the enthalpy computed as the sum of the specific enthalpy h and
the latent heat ∆H. The specific enthalpy is defined as:
h = href +
∫ T
Tref
CpdT (6.22)
where the reference enthalpy href was 0 J/kg and the reference temperature
was 288.15 ◦C. The enthalpy due to latent heat was calculated using the
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latent heat of the metal Lf :
∆H = γLf (6.23)
6.3.2 Model domain and boundary conditions
An axisymmetric model is developed to simulate the solidification of the lump
on the steel nail. The model consists of two regions: a solid region (steel nail)
and a fluid region (molten steel and solidified shell). The schematic of the
domain is shown in Figure 6.3.
Figure 6.3: Schematic of model domain, mesh and boundary conditions
A 3 mm radius nail is considered for the simulation with the length of the
nail dipped into the molten steel taken to be 40 mm based on approximate
nail lump sizes. Since the shell thicknesses observed from measurements were
in the range of 1-3 mm, a 20 mm distance from the nail in the vertical and
horizontal direction was considered sufficient for the length of the molten
steel region such that the domain boundary does not interfere with the shell
solidification. The nail centerline was defined as an axis boundary. No heat
loss was assumed on the nail and molten steel top surfaces. The molten steel
domain boundaries on the bottom and right were defined as fixed temperature
boundaries with the temperature equal to the molten steel temperature. The
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interface between the nail and the molten steel was coupled with no heat loss
across it.
The mushy zone for the molten steel was considered to be 10 ◦C with the
solidus temperature and liquidus temperature being 1520 ◦C (1793 K) and
1530 ◦C (1803 K) respectively. The latent heat of solidification for the molten
steel was 272 kJ/kg. An initial temperature of 300 K was defined in the nail
(solid) region. The molten steel region temperature was initialized based on
the molten steel temperature when entering the mold.
It is known from caster data that the typical molten steel superheat in the
tundish is 25-30 ◦C. Half of the superheat is lost from the tundish to the
mold with only 20% of the superheat is retained in the mold. As a result the
molten steel superheat for the simulation can be calculated using:
(∆T )mold = 0.5× 0.2× (∆T )tundish = 0.01× 30 = 3◦C (6.24)
A 3 ◦C superheat is considered for the molten steel. Thus, a temperature
of 1806 K (1533 ◦C) is initialized in the molten steel region. The mesh for
the simulation was kept fine enough to take the solidification behavior into
account with the minimum element size being 0.1 mm. It was assumed for
the simulation that the molten steel was stagnant.
A transient simulation is run to solve only the energy equation with a time
step size of 0.001 s with a maximum of 20 iterations per time step to achieve
convergence, defined when the residual was less than 10−6. The simulation
is run for the time equal to the nail dipping time.
6.3.3 Results & discussion
A transient simulation was run for a 6 mm diameter nail with a 3 ◦C molten
steel superheat. The temperature and liquid fraction contours for dipping
times of 0.5 s and 3 s are shown in Figure 6.4.
The temperature profiles in the nail at the top surface for different dipping
times is shown in Figure 6.5. Nail temperature increases with an increase
in the dipping time approaching the melting temperature for a dipping time
longer than 3 s. The temperature rate is high for lower dipping times and
decreases with increasing dipping time as the temperature approaches the
melting temperature.
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Figure 6.4: Temperature and liquid fraction contours for 0.5 (top) and 3 s
(bottom) dipping time for 3 ◦C molten steel superheat
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Figure 6.5: Temperature profiles in nail and solidified shell for different
dipping times for 3◦C superheat
The shell thickness from the simulation was determined at the steel-slag
interface using the molten steel solidus and liquidus temperature contours.
The shell thickness variation with the dipping time is shown in Figure 6.6.
Initially, the shell thickness increases at a high rate due to the lower tem-
perature of the steel nail. However, as the nail heats up, the shell growth
rate decreases as greater nail temperatures result in a lower temperature gra-
dient across the nail-shell interface leading to a lower heat flux. The shell
thickness reaches a maximum value of 2.56 mm after 1.2 s for the solidus
temperature curve and then starts to decrease as the effect of the superheat
from the molten steel starts to melt the solid shell reaching 0 mm after 4.2
s. However, for the liquidus shell thickness curve, the increase and decrease
in the shell thickness is achieved at a greater dipping time. The nail melts
completely if it is dipped for a sufficiently long dipping time (steady state
temperatures greater than the liquidus temperature).
Comparison between simulation and measurements: Shell thickness
measurements were conducted for 12 nails (Table B.8) with 3, 4, 5 and 8 s
dipping times. The shell thicknesses were measured at the top and bottom
of the nail lump with the thicknesses lower at the top of the lump. Since the
measurements included the effect of molten steel flow which was neglected in
the simulation, the average of the measured shell thicknesses at the top and
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Figure 6.6: Comparison between shell thickness from simulation (3 ◦C
superheat) and measurements
bottom of the lump were considered for comparison with the predicted shell
thickness from the simulation. The comparison between the shell thickness
from the simulation and measurement is shown in Figure 6.6.
The molten steel mushy zone lies in between the solidus and liquidus tem-
perature curves. The shell thickness predicted from the simulation would
lie in a range with the minimum shell thickness at the solidus line and the
maximum at the liquidus line. For the measured shell thickness to match
the predicted value from the simulation, the measured value has to lie in
between the solidus and liquidus curves. As can be seen from the figure, the
measured values lie in between the two curves and match the predicted shell
thicknesses.
For the same dipping time, the measured shell thicknesses lie in a ∼ 0.5
mm range. This could probably be due to the turbulent effects of the molten
steel flow and differences in the local contact resistance. For the same dipping
time, the average of the measured shell thicknesses was computed and is
plotted in Figure 6.6. The measured shell thickness increases with an increase
in the dipping time.
Comparison between analytical solutions and computational model:
To simulate the same conditions as the computational model, the nail tem-
perature obtained from the FLUENT model is used as an input for the
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analytical solutions as shown in Figure 6.7. The temperature profile input
for the analytical solutions is approximated by using a constant step increase
in the temperature in 0.2 s intervals. With an initial shell thickness of 0
mm when the nail is dipped, The shell thickness is computed for the interval
(0-0.2 s) for the corresponding nail temperature. This thickness is added
to the value computed for the next interval (0.2 - 0.4 s) to determine the
shell thickness after 0.4 s. This process is repeated up to the nail dipping
time to obtain the shell thickness. The molten steel superheat is taken into
account through an increase in the latent heat by Cp∆T where ∆T is the
superheat. A comparison of the shell thickness using the analytical solutions
and computational model is shown in figure 6.8.
Figure 6.7: Nail temperature from computational model used as input for
analytical solutions
The analytical solutions predict a higher shell thickness in comparison to
the computational model. This could probably be because the addition of
shell thickness to the computed value in the previous interval results in an
increase in the shell thickness. The melting of the shell due to the superheat
is not taken into account for the analytical solutions.
Effect of superheat on shell thickness: A comparison between the shell
thicknesses due to the molten steel superheat was conducted using the com-
putational model. A simulation with a 10 ◦C superheat i.e. molten steel
temperature 1540 ◦C was run. The shell thicknesses for the liquidus and
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Figure 6.8: Comparison between shell thickness from 1D analytical
solution, cylindrical analytical solution and computational model
solidus temperatures were plotted and compared with the lower superheat
case as shown in Figure 6.9. Increasing the superheat results in a higher melt
temperature which leads to a greater heat content. This results in a lower
shell thickness and reduced mushy zone for the same dipping time.
Figure 6.9: Comparison between shell thickness from simulation for 3 K
and 10 K superheat
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6.4 Conclusions - nail lump solidification
Analytical solutions were used to estimate the shell thickness for the lump
formed on the steel nail during the nail dipping trial. A computational model
of the dipping taking into account the steel solidification with molten steel
superheat was developed. The predicted shell thicknesses were compared
with the measured values.
The shell thickness measured at the top of the nail lump was less than that
at the bottom due to the molten steel flow impinging at the top. An average
of the two experimentally measured values was compared with the predicted
shell thickness from the model. The measured thickness lies in between the
shell thickness predicted by the solidus and liquidus temperatures. For the
same dipping time, the measured shell thickness values vary across a range
of ∼ 0.5 mm probably due to turbulent effects of the molten steel flow and
differences in local contact resistance. The measured shell thickness increased
with an increase in the nail dipping time.
The estimated shell thicknesses from the analytical solution were greater
than the computational model due to the melting effect not considered in
the analytical solutions. Greater shell thicknesses were observed for a lower
molten steel superheat (3 ◦C) in comparison to a higher superheat (10 ◦C)
due to a greater heat content. For a higher superheat the shell thickness
first increases, then decreases. The initial shell thickness growth is due to
the lower nail temperature. However, once the nail heats up the shell growth
rate decreases and the high molten steel superheat causes the melting of the
shell and decrease in the shell thickness.
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CHAPTER 7
CONCLUSIONS
This work presents a computational model of the nail and wire dipping ex-
periment, including slag flow due to consumption, steady and transient tem-
perature distribution in the powder and slag layers, and transient heat con-
duction in the nail and wires during the dipping experiment. A model of
the solidification of the steel nail lump was also developed by taking into
account the molten steel solidification and effect of superheat in the molten
steel. These modeling tools were validated by matching several sets of plant
measurements. The modeling results were used to investigate methods to
measure the liquid slag layer depth in continuous casting molds.
Specific conclusions regarding the slag layer are:
• Increasing the casting speed from 1 m/min to 2 m/min (50 %) decreases
the slag consumption from 0.425 kg/m2 to 0.157 kg/m2, which increases
slag temperature leading to a greater liquid slag layer depth (∼25%).
• Increasing the total powder-slag layer thickness by 5 mm (∼ 10 %)
resulted in a slight decrease in the powder-slag temperature leading to
a slight decrease in the liquid slag depth (∼ 2 %).
• Increasing the melting temperature from 1348 K (medium carbon steel
slag) to 1400 K (ultra-low carbon steel slag) resulted in a decrease in
the liquid slag depth from 12.2 mm to 10.4 mm due to lower melting
of the powder for the ultra-low carbon steel slag. .
• Increasing the softening point temperature from 1300 K (slag used for
HSLA steel) to 1368 K (ultra-low carbon steel slag) lead to a ∼ 5 %
decrease in the liquid slag depth due to a higher temperature at which
the powder sinters.
• The burning of carbon in the powder leads to higher temperatures in
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the powder-slag layer resulting in a greater liquid slag depth (∼ 20 %
increase for 2.8% C)
Specific conclusions regarding the steel nail dipping are:
• A new method to measure the liquid slag layer depth using only a steel
nail was proposed. This new method is based on the color bands of
the oxide layers observed on the steel nail after dipping. For a nail
dipping time of 3s, a reasonable estimate of the liquid slag layer depth
is given by taking a fraction (∼ 50%) of the measured distance from
the steel lump to the blue-purple color transition line (a ratio of liquid
slag depth to distance to blue-purple line, Rs).
• Increasing the dipping time from 3 s to 4 s increases the distance to
the discoloration by ∼ 10 % (19 mm to 21 mm). As a result, the ratio
Rs decreases from ∼ 50% to ∼ 45%.
• Increasing the casting speed from 1 m/min to 2 m/min (50 %) decreases
the slag consumption from 0.425 kg/m2 to 0.157 kg/m2, which increases
slag temperature leading to a greater liquid slag layer depth (∼25%).
For a 3 s dipping time, a slight increase in the ratio Rs from 49.7% for 1
m/min casting speed to 53.3% for 2 m/min casting speed was observed.
However, since the increase in the ratio Rs is small, a ratio of ∼ 50%
of the measured distance from the lump to blue-purple transition gives
the liquid slag layer depth.
• Increasing the total powder-slag layer thickness by 5 mm lead to a slight
decrease in the liquid slag depth (∼ 2 %). However, this decrease was
compensated by the decrease in the distance to the blue-purple line on
the nail. As a result, the ratio Rs did not change.
• The burning of carbon in the powder leads to higher temperatures in
the powder-slag layer resulting in a greater liquid slag depth. The
increase in the slag temperature did not have a significant effect on
the nail temperature. As a result, the burning of 2.8%C (slag used for
HSLA steel) causes an increase in the liquid slag layer thickness (∼ 20
%) and a corresponding in ratio Rs from 50% to 60%.
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• For the three slags considered, the ratio Rs lies in a range of 50-60%.
Increasing the softening point temperature from 1300 K to 1368 K (slag
used for HSLA steel to slag for ultra-low carbon steel) causes the liquid
slag depth to decrease by ∼ 5 %. The distance to the discoloration
on the other hand decreases by ∼ 17% leading to a ∼ 10% increase in
the ratio for the slag used for ultra-low carbon steel in comparison to
HSLA steel.
• The slag used for medium carbon steel has the lowest melting temper-
ature (1348 K) leading to a greater liquid slag depth (∼ 20 % increase
from the slag used for HSLA steel). However, the distance to the dis-
coloration increased by only ∼ 5% from slag used for HSLA to medium
carbon steel due to the greater sintered layer thickness for the medium
carbon steel slag. As a result, a net increase from 50% to 55% in the
ratio Rs is observed for the medium carbon steel slag.
Specific conclusions regarding the aluminum and copper wire dipping are:
• The variability in the liquid slag depth prediction using the aluminum
wire makes it a less-reliable measurement tool.
• The three methods to interpret the aluminum wire measurements have
significant differences between the measured liquid slag depths.
• The melted region properties is one of the reasons for the variability.
The presence of molten aluminum in the melted region resulted in a ∼
20% increase in the predicted liquid slag depth in comparison to when
the molten aluminum was replaced by flowing slag in the melted region.
• Using wires with larger diameters leads to a thicker column of molten
aluminum having higher thermal conductivity in the melted region for
the thicker wire. However, the increase in the volume of metal to melt
dominates and increases the time to melt the wire and predict the
liquid slag depth. Increasing the wire diameter from 1.6 mm to 3 mm
increases the time to predict liquid slag depth from ∼ 0.6 s to ∼ 1.8 s.
• The copper wire method under-predicts the liquid slag depth due to its
high melting temperature. The method predicts the liquid slag depth
when dipped for a time greater than 20 s (to approach steady state)
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with molten copper in the melted region. However, such long dipping
times are not feasible to predict the liquid slag depth.
Specific conclusions regarding the determination of shell thickness on the
nail lump (radial distance from the nail surface to the lump outer surface)
are:
• The shell thickness measured at the top of the nail lump was less than
that at the bottom due to the molten steel flow impinging at the top.
• An average of the two experimentally measured values was compared
with the predicted shell thickness from the model. The measured thick-
ness lies in between the shell thickness predicted by the solidus and
liquidus temperatures. The estimated shell thicknesses from the ana-
lytical solution were greater than the computational model due to the
melting effect not considered in the analytical solutions.
• For the same dipping time, the measured shell thickness values vary
across a range of ∼ 0.5 mm probably due to turbulent effects of the
molten steel flow and differences in local contact resistance.
• Shell thickness increases following a parabolic curve with an increase
in the dipping time.
• Greater continuously increasing shell thicknesses were observed for a
lower molten steel superheat (3 ◦C) in comparison to a higher superheat
(10 ◦C) due to a greater heat content. For a higher superheat the shell
thickness first increases, then decreases. The initial shell thickness
growth is due to the lower nail temperature. However, once the nail
heats up the shell growth rate decreases and the high molten steel
superheat causes the melting of the shell and decrease in the shell
thickness.
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APPENDIX A
TRIAL CASTING CONDITIONS
The casting conditions common to all the trials are shown in Table A.1.
The casting speed, slab width and cast length differ for the trials and are
shown in Tables A.2-A.8. The nails were numbered according to the specific
characteristic of the dipping trial and is mentioned below:
Nail No. 101-112: Dipping trials conducted for HSLA (High strength
low alloy) steel slag for different dipping times (3,4,5 and 8 s) with steel wire
attached to 6 nails, aluminum wire attached to all nails and copper wire
attached to only 2 nails.
Nail No. 201-208: Dipping trials conducted for HSLA steel slag for a 3 s
dipping time with aluminum, copper and steel wires attached to the nails.
Nail No. 301-317: Dipping trials conducted for HSLA steel slag for a 3 s
dipping time with only aluminum wire attached to the nails.
Nail No. 401-408: Dipping trials conducted for HSLA steel slag for a 3 s
dipping time with aluminum and copper wires attached to the nails.
Nail No. 501-517: Dipping trials conducted for HSLA steel slag for a 3 s
dipping time with aluminum and steel wires attached to the nails.
Nail No. 601-615: Dipping trials conducted for Ultra-low carbon steel
slag for different dipping times (2,3,4,5 and 8 s) without any wires.
Nail No. 701-715: Dipping trials conducted for medium carbon steel slag
for different dipping times (2,3,4,5 and 8 s) without any wires.
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Table A.1: Casting Conditions common for all Dipping Trials
Parameter Value
Oscillation Stroke 7 mm
Oscillation Frequency 93 x vc cpm
Slab Thickness 220 mm
Table A.2: Casting Conditions for Dipping Trial at Caster 1, ArcelorMittal
Dofasco on 28th September 2015 (Nail 101-112) for HSLA steel grade
Nail No. Cast Length (m) Casting Speed (m/min) Slab Width (mm)
101 5011.9 1.2 1382
102 5015.3 1.2 1382
103 5017.8 1.2 1382
104 5025.1 1.2 1382
105 5037.7 1.0 1382
106 5039.9 1.0 1382
107 5042.2 1.0 1382
108 5044.7 1.0 1382
109 5047.5 1.0 1382
110 5047.5 1.0 1382
111 5052.7 1.0 1382
112 5054.7 1.0 1382
Table A.3: Casting Conditions for Dipping Trial at Caster 1, ArcelorMittal
Dofasco on 30th September 2015 (Nail 201-208) for HSLA steel grade
Nail No. Cast Length (m) Casting Speed (m/min) Slab Width (mm)
201 8945.0 1.4 1166
202 8918.5 1.4 1143
203 8927.3 1.4 1166
204 8940.0 1.4 1166
205 8986.5 1.4 1207
206 8992.4 1.4 1207
207 8999.9 1.4 1207
208 9005.2 1.4 1249
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Table A.4: Casting Conditions for Dipping Trial at Caster 1, ArcelorMittal
Dofasco on 30th September 2015 (Nail 301-317) for HSLA steel grade
Nail No. Cast Length (m) Casting Speed (m/min) Slab Width (mm)
301 8995.3 1.4 1207
302 8964.0 1.4 1207
303 9001.7 1.4 1207
304 8948.7 1.4 1173
305 8938.6 1.4 1166
306 8944.0 1.4 1166
307 8920.7 1.4 1152
308 8916.8 1.4 1137
309 8934.5 1.4 1166
310 8926.1 1.4 1166
311 9004.4 1.4 1237
312 8985.0 1.4 1207
313 8998.8 1.4 1207
314 8991.5 1.4 1207
315 8954.4 1.4 1207
316 8988.8 1.4 1207
317 9019.7 1.4 1288
Table A.5: Casting Conditions for Dipping Trial at Caster 1, ArcelorMittal
Dofasco on 30th September 2015 (Nail 401-408) for HSLA steel grade
Nail No. Cast Length (m) Casting Speed (m/min) Slab Width (mm)
401 8989.7 1.4 1207
402 8955.9 1.4 1207
403 8922.1 1.4 1158
404 8996.0 1.4 1207
405 8982.1 1.4 1207
406 9021.8 1.4 1288
407 9003.5 1.4 1228
408 8935.7 1.4 1166
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Table A.6: Casting Conditions for Dipping Trial at Caster 1, ArcelorMittal
Dofasco on 30th September 2015 (Nail 501-517) for HSLA steel grade
Nail No. Cast Length (m) Casting Speed (m/min) Slab Width (mm)
501 8965.8 1.4 1207
502 8950.4 1.4 1201
503 8928.6 1.4 1166
504 8914.1 1.4 1127
505 8990.5 1.4 1207
506 8997.5 1.4 1207
507 8937.4 1.4 1166
508 8946.3 1.4 1166
509 8941.3 1.4 1166
510 8987.7 1.4 1207
511 8953.3 1.4 1207
512 8957.0 1.4 1207
513 8919.4 1.4 1152
514 8924.3 1.4 1166
515 8994.4 1.4 1207
516 8983.8 1.4 1207
517 9001.0 1.4 1207
Table A.7: Casting Conditions for Dipping Trial at Caster 1, ArcelorMittal
Dofasco on 13th June 2016 (Nail 601-615) for ultra low carbon steel grade
Nail No. Cast Length (m) Casting Speed (m/min) Slab Width (mm)
601 3856.0 1.2 1531
602 3842.6 1.2 1531
603 3838.7 1.2 1531
604 3854.3 1.2 1531
605 3846.4 1.2 1531
606 3851.4 1.2 1531
607 3841.0 1.2 1531
608 3850.1 1.2 1531
609 3860.2 1.2 1531
610 3857.7 1.2 1531
611 3848.5 1.2 1531
612 3834.9 1.2 1531
613 3859.1 1.2 1531
614 3844.3 1.2 1531
615 3853.0 1.2 1531
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Table A.8: Casting Conditions for Dipping Trial at Caster 1, ArcelorMittal
Dofasco on 14th June 2016 (Nail 701-715) for medium carbon steel grade
Nail No. Cast Length (m) Casting Speed (m/min) Slab Width (mm)
701 5454.6 1.55 1596
702 5450.8 1.4 1596
703 5449.2 1.25 1596
704 5440.4 1.3 1556
705 5446.7 1.2 1575
706 5435.4 1.3 1536
707 5447.8 1.2 1589
708 5438.9 1.3 1556
709 5433.7 1.3 1537
710 5456.9 1.6 1596
711 5437.2 1.3 1550
712 5444.6 1.2 1555
713 5453.3 1.4 1596
714 5452.0 1.4 1596
715 5458.3 1.6 1596
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APPENDIX B
STEEL NAIL MEASUREMENTS
Table B.1: Steel Nail Measurements for Nails 101-112
Nail No. Dipping
Time (s)
Total
Powder-
Slag
Layer
Thick-
ness
(mm)
Distance
between
lump
top and
bottom
(mm)
Distance
from
average
steel-slag
inter-
face to
grey-blue
tran-
sition
(mm)
Distance
from
average
steel-slag
interface
to blue-
purple
tran-
sition
(mm)
Distance
from
average
steel-slag
inter-
face to
purple-
brown
tran-
sition
(mm)
101 3 63.9 3.4 14.2 17.6 21.9
102 4 54.7 3.1 18.5 20.8 23.0
103 5 56.3 3.8 19.5 22.9 25.9
104 3 50.9 3.4 19.2 21.2 22.8
105 3 58.7 6.7 18.6 19.8 21.2
106 3 56.1 2.5 18.8 20.9 22.7
107 3 62.6 8.2 14.5 16.2 20.0
108 4 59 1 17.0 19.4 21.3
109 4 58.4 7.4 17.1 19.5 22.1
110 5 64.3 4.7 14.6 17.4 20.1
111 5 52.9 6.1 19.0 22.0 23.8
112 8 56.3 5.9 21.2 24.3 26.4
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Table B.2: Steel Nail Measurements for Nails 201-208
Nail No. Dipping
Time (s)
Total
Powder-
Slag
Layer
Thick-
ness
(mm)
Distance
between
lump
top and
bottom
(mm)
Distance
from
average
steel-slag
inter-
face to
grey-blue
tran-
sition
(mm)
Distance
from
average
steel-slag
interface
to blue-
purple
tran-
sition
(mm)
Distance
from
average
steel-slag
inter-
face to
purple-
brown
tran-
sition
(mm)
201 3 53.0 10.4 14.4 18.9 20.8
202 3 33.2 1.5 16.1 17.7 18.9
203 3 53.9 1.4 19.7 22.4 24.2
204 3 43.5 3.5 17.5 20.0 22.1
205 3 45.6 6.4 14.1 16.5 17.8
206 3 46.8 6.6 15.1 18.1 19.0
207 3 48.3 1.4 17.8 21.0 23.3
208 3 45.7 3 16.3 19.0 21.2
Table B.3: Steel Nail Measurements for Nails 301-317
Nail No. Dipping
Time (s)
Total
Powder-
Slag
Layer
Thick-
ness
(mm)
Distance
between
lump
top and
bottom
(mm)
Distance
from
average
steel-slag
inter-
face to
grey-blue
tran-
sition
(mm)
Distance
from
average
steel-slag
interface
to blue-
purple
tran-
sition
(mm)
Distance
from
average
steel-slag
inter-
face to
purple-
brown
tran-
sition
(mm)
301 3 57.1 9 21.2 22.7 23.6
302 3 37.1 4.2 16.7 20.0 22.1
303 3 48.7 2.8 15.8 17.6 19.4
304 3 53.7 4.8 16.7 19.2 21.8
305 3 42.6 4.3 17.2 18.9 20.7
306 3 51.7 5.4 15.3 17.1 19.6
307 3 30.2 4 17.4 19.5 21.0
308 3 38.5 4.5 17.7 19.4 20.9
309 3 43.9 2.5 20.9 23.1 24.3
310 3 58.9 2.3 16.5 18.7 21.9
311 3 52.7 9 16.9 19.8 23.0
312 3 51.4 5.5 19.6 22.3 23.7
313 3 57.7 3.7 15.8 18.4 20.8
314 3 56.4 6.6 18.8 22.4 24.7
315 3 51.7 3.1 17.3 19.9 22.1
316 3 54.5 3 17.4 19.9 22.0
317 3 34.6 6.4 16.3 18.8 20.4
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Table B.4: Steel Nail Measurements for Nails 401-408
Nail No. Dipping
Time (s)
Total
Powder-
Slag
Layer
Thick-
ness
(mm)
Distance
between
lump
top and
bottom
(mm)
Distance
from
average
steel-slag
inter-
face to
grey-blue
tran-
sition
(mm)
Distance
from
average
steel-slag
interface
to blue-
purple
tran-
sition
(mm)
Distance
from
average
steel-slag
inter-
face to
purple-
brown
tran-
sition
(mm)
401 3 45.6 7.5 19.6 22.3 24.3
402 3 50.7 4.2 20.0 21.9 23.5
403 3 35.6 2.4 17.6 19.8 21.8
404 3 53.4 2.6 17.7 20.2 21.7
405 3 48.6 5.5 16.2 18.7 20.5
406 3 60.9 4.1 15.4 17.9 19.6
407 3 52.4 3.9 17.3 19.5 21.4
408 3 37.6 4.1 16.4 18.3 19.8
Table B.5: Steel Nail Measurements for Nails 501-517
Nail No. Dipping
Time (s)
Total
Powder-
Slag
Layer
Thick-
ness
(mm)
Distance
between
lump
top and
bottom
(mm)
Distance
from
average
steel-slag
inter-
face to
grey-blue
tran-
sition
(mm)
Distance
from
average
steel-slag
interface
to blue-
purple
tran-
sition
(mm)
Distance
from
average
steel-slag
inter-
face to
purple-
brown
tran-
sition
(mm)
501 3 48.6 8.2 18.9 21.6 23.2
502 3 56.8 7.4 20.7 22.0 24.0
503 3 50.4 5.4 16.3 17.9 19.3
504 3 36.9 6 15.2 17.4 19.0
505 3 52.8 5.4 18.8 20.1 21.7
506 3 53.7 4.4 20.3 23.1 25.5
507 3 39.6 5.5 17.7 20.4 23.8
508 3 53.3 3.1 17.1 19.5 22.0
509 3 33.4 4.3 19.3 20.9 22.1
510 3 42.6 4.4 14.9 17.7 19.9
511 3 55.0 2.2 19.5 22.7 24.6
512 3 48.8 7.2 20.0 22.3 24.4
513 3 41.8 5 21.9 24.5 26.5
514 3 21.6 3.6 14.7 17.2 19.7
515 3 49.6 4.1 19.3 21.5 23.4
516 3 56.2 1.8 21.6 24.5 26.8
517 3 55.5 7.2 16.4 18.9 20.7
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Table B.6: Steel Nail Measurements for Nails 601-615
Nail No. Dipping
Time (s)
Total
Powder-
Slag
Layer
Thick-
ness
(mm)
Distance
between
lump
top and
bottom
(mm)
Distance
from
average
steel-slag
inter-
face to
grey-blue
tran-
sition
(mm)
Distance
from
average
steel-slag
interface
to blue-
purple
tran-
sition
(mm)
Distance
from
average
steel-slag
inter-
face to
purple-
brown
tran-
sition
(mm)
601 3 29.7 4.8 16.1 17.9 20.1
602 3 42.0 6.2 19.9 22.3 24.7
603 5 31.0 4.9 23.1 24.7 26.6
604 3 38.2 6.1 21.0 22.7 25.1
605 4 36.4 7.2 16.5 18.8 21.1
606 3 34.9 1.8 14.9 16.8 18.2
607 3 42.6 11.4 16.9 18.4 20.1
608 3 37.4 7 17.5 19.4 21.2
609 3 46.9 1 16.6 18.5 22.3
610 3 40.6 6.9 15.6 18.0 19.4
611 3 48.4 3 19.0 21.4 23.8
612 2 38.6 3.6 16.8 18.5 20.6
613 3 37.6 10.5 19.9 22.1 23.7
614 8 40.0 3.3 20.4 22.0 23.6
615 3 43.7 1.7 17.7 19.8 21.6
94
Table B.7: Steel Nail Measurements for Nails 701-715
Nail No. Dipping
Time (s)
Total
Powder-
Slag
Layer
Thick-
ness
(mm)
Distance
between
lump
top and
bottom
(mm)
Distance
from
average
steel-slag
inter-
face to
grey-blue
tran-
sition
(mm)
Distance
from
average
steel-slag
interface
to blue-
purple
tran-
sition
(mm)
Distance
from
average
steel-slag
inter-
face to
purple-
brown
tran-
sition
(mm)
701 3 22.9 4.9 17.7 19.5 20.9
702 3 30.5 9.7 16.4 18.6 20.1
703 3 30.9 16.1 19.7 22.5 24.3
704 8 31.6 3.4 20.9 22.6 24.5
705 3 41.3 6.1 19.0 21.3 22.8
706 5 39.3 5.8 20.7 23.0 24.7
707 3 28.7 10 18.1 19.9 21.8
708 3 48.9 9.7 19.6 21.4 23.7
709 2 39.1 15.5 18.3 19.9 21.9
710 3 43.5 4.5 21.5 25.3 28.8
711 3 41.5 8.2 20.8 22.4 24.5
712 4 36.1 5.8 21.9 22.8 24.5
713 3 31.8 5.7 19.5 21.3 23.2
714 3 28.5 8.5 20.6 22.4 24.2
715 3 43.8 10.1 21.6 24.5 26.1
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Table B.8: Shell thickness measurement on nail lump for nails 101-112
Nail No. Dipping
Time (s)
Radial
distance
from nail
to lump
surface
(Shell
thick-
ness)
(mm)
(Top
of steel
lump)
Radial
distance
from nail
to lump
surface
(Shell
thick-
ness)
(mm)
(Bottom
of steel
lump)
Difference
in shell
thick-
ness at
top and
bottom
of lump
(mm)
101 3 2.0 2.0 0.0
102 4 1.7 2.6 0.9
103 5 2.3 2.4 0.1
104 3 1.0 2.6 1.6
105 3 1.2 1.9 0.7
106 3 2.0 2.8 0.8
107 3 1.7 2.0 0.3
108 4 1.4 2.7 1.3
109 4 1.8 2.2 0.4
110 5 1.7 2.9 1.2
111 5 0.9 2.1 1.2
112 8 2.8 2.3 -0.5
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APPENDIX C
ALUMINUM & COPPER WIRE
MEASUREMENTS
Table C.1: Aluminum Wire Measurements for Nails 101-112
Nail No. Dipping
Time (s)
Aluminum
Wire-end
Shape
Method 1
(mm)
Method 2
(mm)
Method 3
(mm)
101 3 Flat 5.4 9.4 2.6
102 4 Pointed 7.1 9.5 5.7
103 5 Pointed 9.6 12.8 10.2
104 3 Pointed 5.3 7.7 5.8
105 3 Pointed 4.6 8.6 4.7
106 3 Slightly
Pointed
3.6 4.6 3.9
107 3 Slightly
Pointed
4.4 6.1 N/A
108 4 Pointed 0.9 4.8 N/A
109 4 Slightly
Pointed
1.1 3.0 N/A
110 5 Slightly
Pointed
1.2 3.4 N/A
111 5 Pointed 1.7 3.7 N/A
112 8 Pointed 3.4 7.1 N/A
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Table C.2: Aluminum Wire Measurements for Nails 201-208
Nail No. Dipping
Time (s)
Aluminum
Wire-end
Shape
Method 1
(mm)
Method 2
(mm)
Method 3
(mm)
201 3 Flat 15.7 16.3 7.9
202 3 Curved 7.1 11.0 2.5
203 3 Flat 2.9 3.9 1.5
204 3 Flat 15.1 15.1 5.5
205 3 Pointed 10.6 13.0 7.0
206 3 Slightly
pointed
5.3 7.1 4.4
207 3 Flat 3.3 4.7 3.4
208 3 Slightly
pointed
4.5 6.3 1.5
Table C.3: Aluminum Wire Measurements for Nails 301-317
Nail No. Dipping
Time (s)
Aluminum
Wire-end
Shape
Method 1
(mm)
Method 2
(mm)
Method 3
(mm)
301 3 Pointed 16.4 18.5 N/A
302 3 Curved 9.8 13.3 N/A
303 3 Pointed 6.1 8.4 N/A
304 3 Pointed 20.2 23.0 N/A
305 3 Slightly
pointed
14.6 15.9 N/A
306 3 Pointed 11.7 15.4 N/A
307 3 Pointed 11.3 13.1 N/A
308 3 Slightly
pointed
9.3 10.6 N/A
309 3 Pointed 10.3 13.6 N/A
310 3 Pointed 4.9 7.5 N/A
311 3 Flat 13.6 15.0 N/A
312 3 Flat 17.0 18.0 N/A
313 3 Curved 4.9 5.4 N/A
314 3 Flat 4.9 4.9 N/A
315 3 Slightly
pointed
11.3 13.0 N/A
316 3 Pointed 16.7 18.5 N/A
317 3 Pointed 10.2 12.3 N/A
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Table C.4: Aluminum Wire Measurements for Nails 401-408
Nail No. Dipping
Time (s)
Aluminum
Wire-end
Shape
Method 1
(mm)
Method 2
(mm)
Method 3
(mm)
401 3 Curved 6.4 8.6 N/A
402 3 Pointed 14.3 6.9 N/A
403 3 Pointed 16.8 19.4 N/A
404 3 Slightly
Pointed
3.2 4.8 N/A
405 3 Curved 3.4 5.8 N/A
406 3 Pointed 11.8 14.2 N/A
407 3 Pointed 8.7 11.6 N/A
408 3 Flat 3.3 3.3 N/A
Table C.5: Aluminum Wire Measurements for Nails 501-517
Nail No. Dipping
Time (s)
Aluminum
Wire-end
Shape
Method 1
(mm)
Method 2
(mm)
Method 3
(mm)
501 3 Pointed 14.2 16.5 5.8
502 3 Curved 11.0 11.8 2.4
503 3 Pointed 12.5 15.6 7.6
504 3 Curved 18.2 21.1 6.2
505 3 Slightly pointed 16.7 18.0 8.4
506 3 Pointed 7.9 11.0 1.7
507 3 Wire merged
with lump
9.9 15.8 3.7
508 3 Pointed 14.8 18.9 13.5
509 3 Curved 11.0 14.5 7.5
510 3 Flat 4.3 9.5 6.0
511 3 Pointed 9.2 11.5 3.2
512 3 Slightly pointed 13.0 15.1 6.4
513 3 Pointed 19.9 22.9 12.0
514 3 Slightly pointed 8.8 10.5 6.5
515 3 Pointed 4.2 6.9 1.6
516 3 Pointed 7.2 11.2 4.2
517 3 Pointed 10.2 14.1 3.4
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Table C.6: Copper Wire Measurements for Nails 105-106 and 201-208
Nail No. Dipping
Time (s)
Method 1
(mm)
105 3 4.7
106 3 0.0
201 3 9.5
202 3 6.6
203 3 3.7
204 3 8.5
205 3 7.1
206 3 3.3
207 3 5.4
208 3 2.0
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APPENDIX D
SIMULATION CONDITIONS FOR
DIPPING TRIALS
Table D.1: Simulation conditions for nail and wire dipping trials
Nail No. Dipping
Time (s)
Total
Powder-
Slag
Layer
Thick-
ness
(mm)
Casting
speed
(m/min)
Slab
width
(mm)
Downward
slag ve-
locity, vz
(mm/s)
Powder
surface
temper-
ature
(K)
Surface
heat
transfer
coeffi-
cient
(W/m2K)
501(transient) 3 50 1.4 1207 0.0243 - 3.3
501(steady) 3 50 1.4 1207 0.0243 625 -
517(transient) 3 55 1.4 1207 0.0243 - 2.1
302 3 40 1.4 1207 0.0243 705 -
507 3 40 1.4 1166 0.0243 705 -
204 3 45 1.4 1166 0.0243 665 -
207 3 50 1.4 1207 0.0243 625 -
201 3 55 1.4 1166 0.0243 585 -
304 3 55 1.4 1173 0.0243 585 -
311 3 55 1.4 1237 0.0243 585 -
316 3 55 1.4 1207 0.0243 585 -
517 3 55 1.4 1207 0.0243 585 -
102 4 55 1.2 1382 0.0256 585 -
108 4 55 1.2 1382 0.0256 585 -
109 4 55 1.2 1382 0.0256 585 -
103 5 55 1.2 1382 0.0256 585 -
111 5 55 1.2 1382 0.0256 585 -
112 8 55 1.0 1382 0.0288 585 -
610∗ 3 40 1.2 1531 0.0230 450 -
711∗ 3 40 1.3 1550 0.0210 633 -
* - Trial 610 was conducted for ultra low carbon steel slag while Trial 711
was conducted for medium carbon steel slag. All other trials were conducted
for HSLA slag.
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